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THE MEASUREMENT AND EXPERIMENTAL MODIFICATION 
OF THYROID ACTIVITY IN THE RABBIT 


By K. BROWN-GRANT, C. von EULER, 
G. W. HARRIS anv 8. REICHLIN 


From the Physiological Laboratory, University of Cambridge, and the Department 
of Neuroendocrinology, Institute of Psychiatry, Maudsley Hospital, London 


(Received 28 January 1954) 


There is much evidence indicating that the activity of the thyroid gland is 
influenced by the central nervous system. The well-known adjustments of 
thyroid activity to changes in the environmental temperature are in all 
probability mediated through the nervous system. The final purpose of the 
present experiments was to investigate the functional relationship between the 
central nervous system, anterior pituitary gland and thyroid gland. Since 
several of the techniques required (remote control stimulation, placement of 
hypothalamic lesions and operative techniques) had already been developed 
for rabbits, this species was chosen for study. Further, since it was believed 
that the thyroid gland responds slowly to such stimuli as environmental 
changes, a method was desired whereby measurements of thyroid activity 
could be extended for prolonged periods in the conscious animal. In a previous 
study, Green & Harris (unpublished) had failed to find an increased oxygen 
consumption in rabbits following prolonged electrical stimulation of the 
hypothalamus. However, measurements of the gaseous metabolism in the 
rabbit may not give an accurate index of thyroid activity. Recent develop- 
ments in the use of radioactive iodine afford a more direct measure of thyroid 
function, but most of the methods described in the literature are not directly 
applicable to the conscious rabbit in which repeated measurements are 
desired. This paper deals with methods of studying thyroid activity, and with 
the changes in such activity induced by a cold environment, injection of 
thyrotrophin or thyroxine, and by hypophysectomy. A preliminary report of 
these results has been made (Brown-Grant, von Euler, Harris & Reichlin, 


1958). 
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METHODS 


Female rabbits of mixed stock, weighing 1-8-3-6 kg, were used. Animals were fed ad lib. on a 
pellet diet (diet no. 18 devised by the Medical Research Council, and made up by the Associated 
London Flour Millers Ltd.) and tap water throughout the course of the experiments, except for 
a short period after hypophysectomy when the diet was supplemented with green food. The 
animals were kept in a temp controlled room at approximately 29° C, except for short 
periods when counts were being made (as described below). Carrier free **I was obtained from the 
Atomic Energy Research Establishment, Harwell. The radioactive iodine was made up as a stock 
solution containing 10 or 20 wc/ml., and in the earlier experiments potassium iodide, 1 ng/ml., was 
added as carrier. The dose given at any one time ranged from 0-5 to 12-0 yc, usually 2-0 or 4-0 yc 
contained in 0-05-10-0 ml. of stock solution, according to the physical decay. Thus the greatest 
amount of carrier '*"I given at an injection was 10 ug but this was usually 0-2-2-0 ug. Conven- 
tional scaling units and preamplifiers were used for counting. All figures quoted in this paper have 
been corrected for background and isotope decay, but correction for the resolving time of the 
apparatus was unnecessary at the counting rates obtained. 


Neck and thigh counts in vivo 


In order to obtain counts of the radioactivity of the thyroid region, the fur of the rabbit’s neck 
was clipped short with scissors. The neck was not shaved since it was found that shaving produced 
skin oedema after a few hours. The unanaesthetized animals were placed in hammocks with 
restraining clamps similar to those described by Harris (1948). The neck stock of the clamp was 
replaced by a padded lead stock which incorporated the Geiger-Miiller tube (Fig. 1). To obtain 
constant positions of individual animals in the stock, and therefore in relation to the Geiger- 
Miller tube, a scale was mounted on the side of the rack frame and the position of the movable 
neck stock for each animal was noted. For counting the y-radiation from the neck a G10Pb 
Geiger-Miiller tube (20th Century Electronics Ltd.) was used with a window in the lead shield of 
approximately 40 x 25 mm. The tube was carefully light shielded and showed a background count 
of about 50/min. The reliability of this method for obtaining such counts was tested in the follow- 
ing manner. A rabbit with neck counts of approximately 800 counts/min was placed in position in 
the clamp and the time for 400 counts measured with a stopwatch. This was repeated 10 times. 
The animal was then removed from the clamp, replaced and a further series of ten counts made. 
This was repeated until ten series of ten counts had been obtained. Analysis of these figures 
showed that there was no significant difference between the means of ten counts made with the 
rabbit in the same position and the means of ten counts made with the rabbit in ten changed 
positions, The procedure finally adopted for obtaining a ‘neck count’ was as follows. Three or four 
counts of 2 min duration, removing and replacing the animal between each, were averaged and 
expressed as counts/min. Analysis of a sample of neck counts taken at random over the range 
200-2000 counts/min from thirty-three different rabbits showed the standard error of an indi- 
vidual neck count to be +2-2%, and the standard deviation of the standard error of the neck 
counts in this group was +1-:13%. The variation of counting rate due to differences in the 
positioning of an animal were in fact of the same order as the statistical error expected at these 
counting rates. The fact that the result of each experiment depends on a curve plotted from many 
neck counts, and the fact that these points fit a smooth curve with relatively little scatter give 
further confidence in the method. Observations on any animal were stopped before the counting 
rate fell to less than 3 times the background, the usual counting range being 5-80 times back- 
ground. In many early experiments made during the period immediately following the injection 
of radio-iodine, each count of the neck was followed by a count of the thigh. After counting the 
neck the rabbit was removed from the hammock, the bladder emptied by manual expression and 
the animal replaced in the hammock, being held so that the extensor muscle mass of the thigh was 


in apposition with the window of the Geiger-Miiller tube. The counting procedure was as for the 
neck.: 
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Removable neck stock 


Sliding nose clam 7 


G-M tube 
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Fig. 1. (a) side view and (b) view from in front, of the castle constructed of lead, 0-5 in. thick. 
A removable neck stock and adjustable nose clamp permit the animal to be placed so that the 
region of the thyroid gland is in apposition with the upper surface of the Geiger-Miller tube. 
Sponge rubber pads (not illustrated) of suitable size are used under the stock to wininiee 
movement and prevent undue pressure or friction on the upper surface of the animal's neck. 
This castle replaces the neck stock of the rabbit clamp previously described a4 
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Thyroid content of ™ 1 

In order to measure the amount of "I in the thyroid gland, the animals were killed and a block 
of tissue containing the thyroid gland and a segment of the trachea and larynx was removed and 
placed in 2 ml. 2x-NaOH at 37° C overnight. Precautions were taken against evaporation of the 
solution during this period, and an aliquot was counted in the manner described below for blood. 


Blood counts 


Blood samples (about 1-5 ml.) were collected from the marginal vein of the ear into glass- weighing 
bottles containing a small amount of heparin powder (Roche Products Ltd.) and a small crystal 
of potassium iodide as carrier. (The radioactivity of the added potassium iodide was negligible.) 
Duplicate counts were made on each sample using a Perspex cuvette (internal diameter 18 mm) 
with a base of mica sheet (12-5 » thick), placed immediately above the end window of a f-sensitive 
Geiger-Miiller tube (type EHM 28, General Electric Co. Ltd.) within a lead castle. A volume of 
0-6 ml. fluid in this type of cuvette was found to act as an infinite thickness sample. Background 
counts were made for 30 min (approximately 10 counts/min), and usually 1000 counts were made 
on each blood sample. As a control procedure it was found that a given concentration of ™*I in 
blood or distilled water gave counting rates which were not significantly different. Organically- 
bound radio-iodine was estimated by precipitating 1 vol. plasma with 5 vol. of 10% trichloro- 
acetic acid. After centrifuging, the precipitate was washed twice with trichloroacetic acid and 
dissolved in 2~n-NaOH. The volume of this solution was measured and an aliquot counted. 
Urine counts 

After injection of “I the animals were placed in metabolism cages and the urine collected in 
glass flasks. At various intervals the bladder was emptied by manual expression and any urine 
obtained added to that in the flask. These samples were measured and counted in the same way as 
blood samples, A given concentration of ™ I in urine or distilled water gave counting rates that 
did not differ significantly. 


Procedures 


The anaesthetics used in the following operations were (i) ether (after atropine sulphate 
2 mg, 8.c.), (ii) ether as a supplement to intravenous chloralose and urethane (2-5 ml./kg body 
weight of 2% chloralose and 10% urethane), (iii) intravenous pentobarbitone sodium (45 mg/kg 
body weight). 

Thyroidectomy. The thyroid gland was removed through a lateral skin incision and by retracting 
but not excising, the infrahyoid muscles. Care was taken to preserve the laryngeal nerves intact. 

Hypophysectomy. The pituitary gland was removed using the parapharyngeal approach de- 
scribed by Jacobsohn & Westman (1940) modified only by placing the skin incision well laterally to 
avoid oedema and scarring in the region of the thyroid gland. Following operation the animals 
were replaced in the constant temperature room (29°C). This high temperature reduced the 
mortality appreciably as compared with a previous series (Harris, unpublished) kept at ordinary 
room temperature. 

Cold exposure. Rabbits were removed from the constant temperature room (29° C) and placed 
(i) outside the building, protected from wind and rain, but exposed to the prevailing temperature 
during the winter ( — 2 to 21°C) or during the spring (10-25° C), (ii) in colder rooms in the laboratory 
at 1° or 18-22° C. The period of cold exposures varied from 23 to 98 hr. 

Drugs. Thyrotrophic hormone was obtained from Armour and Co., Chicago, U.S.A. (batch 
numbers 129-31 PRR3 and R. 377157). This was dissolved in 0-9% sodium chloride solution 
immediately before use and injected either intravenously, subcutaneously or both. Synthetic 
L-thyroxine sodium (‘Eltroxin’, Glaxo Laboratories Ltd.) was injected intraperitoneally in doses 
of 50 or 100 ug in 0-9% sodium chloride solution. Potassium iodide ('*"I1) was injected intra- 
venously or subcutaneously dissolved in water or 0-9 % sodium chloride solution. 

Histology. The thyroid glands were fixed in Susa or 10% formol, embedded in wax sectioned at 
7-10 and stained with haematoxylin and eosin, or haematoxylin and Van Gieson. Hypo- 
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physeotomized rabbits were perfused with 100 ml. of 1 part of indian ink to 2 parts distilled water 
through the carotid arteries immediately after death. After fixation in 10% formaldehyde, 
decalcification (in equal parts 40 %, formic acid and 7% sodium formate solution), and dehydra- 
tion, @ block of tissue containing the hypothalamus and base of skull was embedded in celloidin 
and serially sectioned at 100-200 » thickness. The sections were stained with haematoxylin and 
eosin. 


RESULTS 
A. Distribution of "I in the thyroid gland, blood and 
urine of rabbits following intravenous injection 
(a) Thyroid gland 
The data given in this section regarding accumulation of radioactive iodine 
by the thyroid gland refer to neck counts made as described above. In most 


cases observations were begun a few hours after the injection of J and 
continued for a number of days. In these cases the background count derived 


aL 


S Neck counts/ 


0 10 20 30 ait 50 
(hr) 


Fig. 2. The distribution of “I in the thyroid region, blood and urine of a rabbit following the 
injection of a small tracer dose of radio-iodine. 3 uc of #*I were injected intravenously at 0 hr. 
from neck tissues other than the thyroid gland was low, and an approximate 
correction was made by subtracting the thigh count from the total neck count 
to obtain what is referred to as the thyroid count. In six experiments the 
uptake of 481[ by the thyroid was studied in detail during the first 8 hr after 
injection, as well as over the following days. Since the background count 
from neck tissues other than the thyroid gland is high relative to the thyroid 
count during the first hours after injection, a more detailed correction had to 
be made during this period. Details of this correction factor will be found below. 

Observations on the concentration of I by the thyroid gland have been 
made on twenty rabbits following intravenous injection of 0°5-4-0ye in 
thirty-one experiments. Typical results are shown in Fig. 2. It may be seen 
that the thyroid gland accumulates “I rapidly during the first few hours 
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© Rabbit 350, 2uc 2. v.52 


Rabbit 341, 2uc "I, 13. v.52 


1000 
Rabbit 343, 21. iv. 52 
50 100 150 200 250 
Time (hr) 


Fig. 3. Curves showing the radioactivity in the thyroid region of three rabbits following intra- 
venous injection of "I. Note the variability in the time and magnitude of the peak value in 
the three cases. 
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Fig. 4. The relationship of thyroid counts/min, as measured with the technique described 
in the text, to the thyroid content of I in peo. 
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after injection. This is seen more clearly in Fig. 3. The accumulation of radio- 
active iodine continues until a peak value is reached between 12 and 48 hr in 
the majority of cases. From this point onwards the concentration of J in the 
gland falls at a rate which varies in different animals, and under different 
conditions. With the method used and with the small dose of tracer iodide _ 
given, measurable amounts of radioactivity were found in the thyroid gland 
for periods of 10 days and usually longer. 

A factor for converting thyroid counts/min into pc ™I in the thyroid gland, 
was found by injecting twelve rabbits with varying doses of “I. After an 
interval (48 hr or more), when the contribution to the neck count from non- 
thyroidal tissue was negligible, neck counts were made, the animal killed 
immediately and the I content of the thyroid gland measured (see Methods). 
The results so obtained are given in Fig. 4. It was found that thyroid counts/ 
min, divided by 4300 ( + 360, s.p. of 12 observations) gives the thyroid content 
of J in pe. 


Fig. 5. Curves illustrating the fall of **I in the blood 
following intravenous injection of radio-iodine. 
(6) Blood 

The blood concentration of “11 has been followed in nine rabbits for periods 
of 30-72 hr after intravenous injection of radio-iodine. Mixing of “*I in the 
blood stream appears to be complete at about 1-1} min when peak values are 
recorded for radioactivity in venous blood samples. After this time the con- 
centration of radioactive iodine in the blood stream begins to fall rapidly 
(Fig. 5) as the iodine is passing into the tissue fluids, being excreted by the 
kidney and taken up by the thyroid gland. About one-quarter of the initial 
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blood radio-iodine is still present 10 hr after injection and about one-twelfth 
after 48 hr. Thereafter the rate of loss from the blood is much slower. The 
proportion of radioactive iodine in organic combination in the blood (P.B.1.) 
has been investigated at varying times after injection of I in four rabbits. 
56-10% of the total radioactivity may be present in this fraction as early as 
5 hr after injection, and 80°, or more after 70 hr. 


(c) Urine 


The percentage of the injected dose of *!I excreted in the urine in the first 
24 hr after injection has been determined in eighteen experiments in fourteen 
rabbits. An average of 55-3 (+15-7s.p.)% of the dose administered was 
excreted in this time. In four rabbits the concentration of I in the urine 
has been studied in more detail for periods of 32-48 hr, and the curve repre- 
senting the excretion found to be roughly parallel to that of the blood con- 
centration (see Fig. 2). 


(d) Application of the above studies to the measurement of thyroid activity 

The aim of the present investigation was to obtain an accurate method of 
measuring changes in thyroid activity. A method was required that would 
permit repeated observations on any one animal over a period of several weeks. 
The danger of radiation damage, however, limits the amount of radio-iodine 
that can be safely injected each time. 

Many methods are in clinical use for measuring thyroid activity (see Myant, 
1952). In considering the application of these methods to the rabbit, it was 
felt that those based on the rate of disappearance of I from the blood, or 
excretion of 1*"J in the urine, involved too many variables apart from thyroid 
activity and were indeed found to be too insensitive to reveal minor changes in 
thyroid function. It was in fact observed in experiments on thyroidectomized 
rabbits (see below) that the rate of disappearance of '*"I from the blood did not 
alter markedly after thyroidectomy. The rate of appearance of organically 
bound ™'I in the blood would appear to offer a more direct and sensitive 
measure, but a few observations showed that the dose of I necessary to 
produce satisfactory levels of P.B. I in the blood was too large to enable 
repeated observations to be made on the same rabbit. 

The determination of the radio-iodine content of the thyroid gland at 
various time intervals after injection of "I appears to be the most direct and 
convenient method of measuring thyroid activity in the rabbit. However, 
a study of the general shape of the curve representing the "I content of the 
gland following radio-iodine administration gave little support to this view, in 
that the position and magnitude of the peak value was variable in different 
animals and in the same animal from time to time. Also a few experiments on 
animals that had been exposed to a cold environment, or injected with 
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thyrotrophic hormone previous to injection of I, gave no consistent change 
in the position or magnitude of the peak value of the thyroid content of 151], 
It is clear that the general pattern of the thyroid curve is due to the combined 
effects of two processes: first, the accumulation of ™I from the blood, and 
secondly the secretion of radioactive thyroid hormone back into the blood. It 
seemed reasonable then to attempt to measure these two factors as inde- 
pendently as possible by studying the rate of uptake of I by the thyroid 
during the first few hours after injection, and by studying the rate of decline 
of the ™I content of the thyroid at a time when the uptake of injected J 
from the blood had fallen to a negligible value. These two methods, and the 
results obtained by their use, are described in the next two sections (B and C) 
of this paper. 


B. Measurement of thyroid activity by ™ I uptake 

In order to measure the rate of uptake of I by the thyroid gland, observa- 
tions were made of the neck count during the first 5 hr after intravenous 
injection of radio-iodine. Intravenous injection of "I into a rabbit already in 
position over the Geiger-Miiller tube showed that the neck count rose im- 
mediately. It was clear that at this time the thyroid could have accumulated 
only negligible amounts of "I, and that this high count was nearly all due to 
the radio-iodine in the blood of the great vessels of the neck. This high initial 
figure is probably due to the veins of the neck being distended by the hori- 
zontal position of the animal and some slight pressure of the restraining neck 
clamp. It thus became necessary to see if an accurate correction factor could 
be obtained which would allow extraction of the thyroid count from the total 
neck count under these circumstances. For this purpose a study was made of 
a series of thyroidectomized rabbits. 


(a) Thyroidectomized rabbits 2 

Ten experiments were performed on five thyroidectomized rabbits 10-51 
days after thyroidectomy, when the neck wound had healed and oedema of the 
neck tissues had subsided. Each animal was injected intravenously with 
2ue 481[ and the neck counts, blood counts and thigh counts followed for 
periods up to 6 hr. The first neck count was started 1 min after giving the 
injection and immediately after this was completed a blood sample was taken 
and a count made of the thigh. This procedure was repeated approximately 
30, 60, 90, 150, 210, 270 and 360 min after giving 'I. These observations 
were made on two separate occasions on each animal. — 

Curves of these results were plotted in the following manner. The ratio 
between the first neck count and the first blood count was determined, and all 
blood counts multiplied by this neck/blood factor. Similarly, the ratio between 
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the first neck count and the first thigh count was determined and all thigh 
counts multiplied by this neck/thigh factor. These values, together with those 
obtained for the neck counts, were then plotted against time as the abscissa 
(Fig. 6). From the method of plotting, the three curves start from the same 
initial level. The blood curve then falls in the typical manner so that by the 
end of 6 hr only between one-third and one-half of the initial blood "I is still 
present. The neck count of these thyroidectomized rabbits falls in a similar 
manner, in each case the neck curve being parallel with, and slightly higher 
than, the blood curve. The thigh curve, on the other hand, often shows a rise 
in counts for the first hour followed by a fall, so that after the second hour 
this curve is also parallel with the blood and neck curves but at a considerably 
higher level. These results were uniform in the ten experiments. 
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Fig. 6. Change in blood, neck and thigh radioactivity following intravenous injection of “I in 
the thyroidectomized rabbit. These curves have been plotted so that they start from the same 
initial level. Note the parallelism in the loss of radio-iodine from the blood and neck tissues. 


Since the neck curves of these animals and the blood curves showed good 


correlation in each case, it was thought reasonable to use the blood count at — 


any time multiplied by the neck/blood factor estimated as soon as possible 
after the injection of “J, as a suitable correction for obtaining the thyroid 
count from the total ncck count in the normal rabbit. Thus 


T,= N,—B, ; 


where 7,;=thyroid count at time t, N,=neck count at time ¢, B,= blood count 
at time ¢, Nj=neck count a few min after injection, B,=blood count a few 
min after injection. The time at which the initial neck count was made and the 
initial blood sample taken varied slightly in different experiments. The neck 
count was started 1 min after completion of the injection of radio-iodine and 
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took about 6} min to perform (three 2 min counts). The mid-point of the 
middle count was taken arbitrarily as the time of the neck count. As soon as 
possible after the neck count the blood sample of 1-5 ml. was collected. It was 
found that plotting the blood curve and extrapolating to the time of the 
initial neck count gave a figure for the neck/blood ratio that was slightly 
smaller than the figure found if the obtained values were used. However, the 
difference was within the experimental error, and since the tendency was to 
increase the difference between the neck curve and the calculated blood curve 
in the thyroidectomized rabbit, the extrapolated figure was not used. A 
possible source of error in obtaining the initial neck count lies in the uptake of 
181] by the thyroid during the first 74 min required to make the count. This 
error would be increased under conditions of increased thyroid activity and 
would result in an underestimate of the thyroid uptake of I. 

The neck and thigh counts of the thyroidectomized rabbit are due to radio- 
iodine in the blood and in the tissue fluids. Since the neck count is slightly, and 
the thigh count considerably, higher than the corresponding ‘corrected’ blood 
count, it seems likely that the proportion of counts derived from ™ I in the 
tissue fluids of the neck forms a relatively small fraction, whereas it is appreci- 
ably greater in the thigh. The passage of radio-iodine from the blood vessels 
into the tissue fluids of the thigh may be readily observed during the first 
hour after injection of "I when the total thigh counts may increase even 
though the I in the blood is falling rapidly. The above method of obtaining 
the extrathyroidal background of the neck from the blood count has been used 
for calculating thyroid counts from the total neck counts in the experiments 
described in the next section. 


(b) I uptake by the thyroid gland 

Twenty-seven experiments were performed on sixteen rabbits in which the 
rate of uptake of '*I by the thyroid gland was determined. Five rabbits were 
used more than once. 

The general procedure was as follows: the rabbits received an intravenous 
injection of 24 4811 and neck counts and blood samples were taken during the 
next 5 hr, at approximately 4, 16, 36, 64, 100, 144, 196 and 256 min after 
injection. In a few cases observations were extended up to 24 hr or more. 
For each experiment curves were plotted showing total neck counts, blood 
counts multiplied by initial neck/blood ratio, and thyroid counts estimated as 
described above (Fig. 7). 

In repeated experiments on the same rabbit, at intervals of 3 days to 
several weeks, residual radioactivity was often found to be present in the 
thyroid gland at the beginning of the subsequent experiment. In these cases 
a neck count was made before the second experiment was begun, and the 
appropriate correction applied to the counts obtained thereafter. 
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Two methods were used to give an index of thyroid activity from the data of 
each experiment. First, the technique of Stanley & Astwood (1947) was used, 
whereby the uptake of radioactive iodine by the thyroid was plotted against 
Jtime. The results on the rabbit largely confirm the findings of Stanley & 
Astwood on man in that the points so plotted roughly fit a straight line 
(Fig. 7). It was then possible to take the slope of this line, or ‘accumulation 
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Fig. 7. Two experiments on the same rabbit showing the constancy of the ‘accumulation 
gradient’. The curves show the rise in radioactivity in the neck and the fall in radioactivity 
in the blood following injection of 2 uc ™I at 0 hr. The ‘accumulation gradient’ of the thyroid 
is obtained by subtracting the correction factor (obtained from the blood counts, see text) 
from the total neck counts and plotting against (,/7'). 


gradient’, as an index of thyroid activity. The second method was to calculate 
the clearance values of I from the blood by the thyroid, by calculating the 
thyroid increment of #'I per unit concentration in the blood for each 10 min 
interval of the experiment. It was noted that the clearance values so obtained 
were approximately constant during the first 40 min after I injection, but | 
then gradually decreased. It seems likely that this apparent fall in clearance 
values may be due to the secretion of radioactive I in organic combination 
into the blood. | 
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The results obtained in different animals under similar experimental condi- 
tions varied widely. However, the results obtained in each of the five rabbits 
tested more than once, remained constant over periods of several weeks 

Fig. 7). 
he C. Measurement of thyroid activity by "I output 

Measurement of thyroid activity by a study of the rate of release of 131] into 
the blood (as part of the thyroid hormone) has been performed by a similar 
method to that used for the rat by Wolff (1951), Albert (1951) and Perry 
(1951). 

2000 


1000 


Neck counts/min 


0 40 80 120 160 a0 
Time (hr) 
8. Changes in thyroid radioactivity starting 48 hr after 
mbes injection of “I plotted semi-logarithmically. 


Rabbits were injected intravenously or subcutaneously with 2 or 4c I. 
After a period of 48 hr the thyroid content of '*1I had usually passed peak 
value and the blood content of 1!I had fallen to insignificant levels. At this 
time the background due to ™1I in the general neck tissues and other tissues of 
the body was found to be negligible and the neck count therefore gives a 
measure of the radioactive iodine content of the thyroid gland. N eck counts 
were then followed on these animals, observations being made twice daily for 

eriods up to 22 days. 
the 131] content of the thyroid gland decreased exponenti- 
ally with time. This has been observed in more than 250 experiments on over 
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eighty rabbits and is related to the fact that '*‘I-labelled hormone is being con- 
tinuously replaced by non-labelled hormone. A typical result is illustrated in 
Fig. 8. Plotted semi-logarithmically the points fall on a straight line the slope 
of which represents the ratio of the amount of hormone secreted per unit time 
to the total amount in the gland. Provided therefore that the amount of 
hormone in the gland remains constant, changes in the slope will be related to 


changes in thyroid activity. 


Taste 1. The distribution of the rates of loss of thyroidal I. 
Data obtained from 100 release curves in 30 normal rabbits. (Average 17-6 %/day). 


°% loss/day 04 48 812 12-16 16-20 20-24 24-28 28-32 32-36 36-40 
No. of curves 0 s 22 20 16 9 12 i) 1 3 
(9) 
(11) 
v 
2% 
% 142 100 104 93 64 61 
0-2 2-4 44 6-8 8-10 10-12 


Time in weeks after arrival in the laboratory 


Fig. 9. Histogram to show the decrease in the rate of loss of radio-iodine from the thyroid that 
occurs in the first 12 weeks after arrival of the animals in the laboratory. This figure sum- 
marizes sixty-two experiments in a group of twelve rabbits. The number of animals studied 
at each time interval is given in brackets. The rate of loss at each period is compared with the 
rate at 2-4 weeks at which time an observation was made on every rabbit. 


The slope of the release curves observed in different animals varied widely. 
Expressed as percentage loss of thyroidal radio-iodine per day the variation 
observed in 100 experiments on thirty normal rabbits was 4-40°%/day 
(Table 1). The slope of the curve also varied in the same animal at different 
times after arrival in the laboratory. Repeated experiments on a group of 
twelve rabbits showed that the percentage loss of radio-iodine per day, in 
successive experiments, decreased over a 2- to 3-month period after arrival 
(Fig. 9). Radiation damage can be excluded as a cause for this phenomenon, 
since rabbits maintained in the laboratory several weeks before experiment 
showed a similar slow rate of J release as though subjected to repeated 
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experiments over this period. It seems likely that the decreasing values 
observed are related in part to an increase in the hormone content of the 
thyroid gland, due to an increase in dietary iodine intake. Evidence for this 
view is derived from the results observed following administration of potassium 
iodide. 

(1) Two rabbits given potassium iodide (10 mg s.c.) on the day of arrival 
showed a constant loss of radio-iodine of 3-3 and 4-5%/day over the following 
2 weeks. Control rabbits, not injected with potassium iodide, showed a loss of 
25-1%/day (+7-38.p. of nine observations) over the same period after 
arrival, 

(2) Six rabbits were given potassium iodide in varying doses (0-125-12-5 mg 
8.c. or i.v.) during release curves. Two rabbits with high rates of 11I release 
from the thyroid (probably indicating iodine-poor glands) showed marked 
slowing in the rate of I output following potassium iodide administration 
(1-4 and 12-5 mg s.c.). One rabbit, also with a high rate of release, showed no 
effect following potassium iodide (0-125 mg s.c.). Three rabbits with low rates 
of release from the thyroid (probably indicating iodine-rich glands) showed no 
effect following injection of potassium iodide (0-45 and 0-50 mg s.c. and 
5-0 mg i.v.). 

The above observations are also of interest in regard to the possibility that 
the slope of the release curve is significantly influenced by a reaccumulation of 
1311 derived from the break-down of radioactive hormone. If such were the 
case an apparent increased rate of release of 441 might be expected to follow 
administration of potassium iodide (Perry, 1951). This has not been observed. 


The part played by reaccumulation of I in determining 

the slope of the release curve 
Radioactive hormone secreted by the thyroid is partly excreted in the faeces 
and partly broken down in the tissues with liberation of inorganic I. This 
latter is partly excreted in the urine and partly reaccumulated by the thyroid 
gland. Therefore the measured loss of thyroidal radioactivity per day will 
represent the difference between the loss of *"I as radioactive hormone and the 
uptake of "J, derived from degraded hormone. For the purpose of the present 

study it is important to know the extent of this reaccumulation. 


(a) Data derived from a study of thyroid : renal sharing of "I, and the exoretion 
of #11 by the kidney during a release curve 
Thyroid : renal sharing. Five normal rabbits were injected intravenously 
with 7*7 we #8J, One hour later the animals were killed and the amount of 
131] in the urine and thyroid measured. (The urine excreted in the one hour 
period was collected, added to that present in the bladder after killing, and to 
washings of the urinary tract.) Expressing the "I in the thyroid as a per- 
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centage of that excreted in the urine gives figures of 18-7, 19-0, 14-1, 21-2 and 
18-1 % (average 18-2°%) for the five animals, i.e. a thyroid : kidney sharing of 
approximately 1:5. 

131[ renal excretion during release curve. Six normal rabbits were injected 
with 10-30 uc #1, and 48 hr later a release curve started. During the 3rd—5th 
days of the curve, the urine was collected for 24 or 48 hr periods and the ™"[ 
in the urine measured. The animals were then killed, the ™"I content of the 
thyroid measured and the value obtained compared with the neck count of the 
individual animal. In this way a precise factor was obtained allowing con- 
version of ‘neck counts/min’ into ‘thyroid content of I in po’, for each 
animal. The data obtained, and the calculation of the reaccumulation of ™ I 
as a percentage of that secreted as hormonal “I per day, are given in Table 2. 
It may be seen that an average of 10-2% of the amount of I secreted as 
hormone is taken up again by the thyroid. 


TaBLeE 2. Reaccumulation of “I by the thyroid 


Measured ted Total loss 
loss of by thyroid of thyroid 


of th during 24 hr vem we 18-2 period(s) mulation 
Rabbit (a) ( (c) (d) (e) (f) 
1 10 0-14 0-054 0-010 0-150 6-7 
2 10 0-30 0-130 0-024 0-324 7-4 
3 17 0-13 0-061 0-011 0-141 78 
4 20 0-42 0-290 0-053 0-473 11-2 
0-34 0-190 0-035 0-375 9-3 
5 5 0-09 0-060 0-011 0-101 10-9 
6 24 0-78 0-727 0-132 0-912 14-5 
0-60 0-511 0-093 13-4 
Av. 10-2 


(b) Data derived from a study using radioactive thyroxine 

The experiments reported here were performed in collaboration with 
Dr J. G. Gibson and will be reported in extenso elsewhere (Brown-Grant & 
Gibson, unpublished). 

Four normal rabbits were injected with a tracer (2 wc) dose of radio-thyroxine 
(1g). The peak values of I in the thyroid (as measured with a scintillation 
counter, im vivo) were found to occur about 30 hr after injection and repre- 
sented 5-2, 6-4, 9-7 and 10-2 (average 7-9) % of the administered radioactivity. 
After 7 days an average of 46-5% of the administered radioactivity had been 
excreted in the urine, and 52:5% in the faeces. Assuming a 1:5 ratio for 
thyroid : renal sharing of iodide this would indicate that } x 46-5=9-3% of the 
administered radioactivity was accumulated by the thyroid. This figure is 
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probably too high, but it is in good agreement with the average figure repre- 
senting the uptake as measured at 30 hr. 
(c) Data derived from the studies of thyroid clearance 

During the period 48-72 hr after injection of J into a rabbit (a period 
equivalent to the first 24 hr of a release curve) the inorganic 11] concentration 
in the blood has been found to be 0-67 x 10-5 ne/ml. blood for each lye of 9] 
injected (unpublished data, Brown-Grant). For the purpose of the present 
discussion this figure probably errs on the high side since it is likely that some 
of this inorganic **I is residual from the initial injection as well as being 
derived from the breakdown of radioactive hormone. However, since the loss 
of thyroidal **I from the rabbit’s thyroid, as measured with the present 
technique, is exponential after the 48th hr from injection in the majority of 
animals, it would seem reasonable to use this figure. Clearance values of 
blood "I by the rabbit thyroid have been obtained (Brown-Grant & Gibson, 
unpublished data) during the period 5-65 min after injection of radioactive 
iodine. Over this period the release of radioactive hormone is probably 
negligible and the clearance values obtained have been found constant in any 
one animal. An average figure for the rabbit gland is 0-48 ml. blood cleared of 
131[/min. From the data that the inorganic ™I concentration of the blood 
48-72 hr after injection of 2c I is 1-34 x 10-5 ye/ml. blood, and that the 
thyroid is clearing 0-48 ml. blood/min it may be calculated that the re- 
accumulation of radioactivity by the thyroid during this period is 0-0093 yc/ 
day. An average figure for the measured loss of radioactivity over this same 
period is 0-08ye. In the presence of 0-0093 uc reaccumulated the true loss 
would be 0-0893 uc. It may be calculated that reaccumulation occurs of 
10-4°% of the 4*I released from the thyroid as labelled hormone. 

The data derived from the three different types of experiments, described in 
(a), (b) and (c) above, indicate that only about 10% of the “I that leaves the 
thyroid as radioactive hormone eventually recirculates to the gland. 


Experimental modification of thyroid activity 

The duration of a single release curve is about 2 weeks, which is sufficient to 
allow periods of control observations before and after any experimental 
procedure. Changes in slope during any one experiment are immediately 
related to changes in the rate of release of thyroid hormone, and thus afford 
a direct measure of thyroid activity. This technique has been used to study the 
effects of injection of thyrotrophic hormone (TSH) or thyroxine, of exposure to 
cold and of hypophysectomy on thyroid activity. 
(a) Thyrotrophic hormone 

Seven normal and ten hypophysectomized rabbits have received doses of 


0-25-40-0 mg of TSH (in terms of mg Armour preparation 129-31 PRR3, used 
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in the earlier experiment; in terms of mg U.8.P. equivalent in the later 
experiments in which preparation R. 377157 was used). Daily injections were 
made subcutaneously, intravenously or both, for 1 or 2 days, during the course 
of forty-two experiments. Three of the hypophysectomized animals died 
following intravenous injection of TSH (8 mg U.S.P. equivalent). In each of 
the other animals a marked acceleration of the rate of release of ™I from the 
thyroid was observed (Fig. 10). 


0 50 100 150 200 250 300 350 
Time (hr) 


Fig. 10. The effect of TSH on the release of "I from the thyroid gland of the rabbit. 


A marked acceleration in the output of "I is observed within a few hours of 
a single injection of TSH. This latent period has been investigated in detail by 
making neck counts at intervals of 4-1 hr, for 6-8 hr, after subcutaneous 
injection of a single dose of TSH. In two normal and three hypophysecto- 
mized rabbits a clear deviation from the expected line was observed within 
1 hr in three cases, in 1-2 hr in one case, and in 2-3 hr in the other case 
(Fig. 11). 

The magnitude of the response is roughly proportional to the dose of TSH 
over the range 0-25-35-0 mg (U.8.P. equivalent). For example, a dose of 
35 mg of TSH resulted in an 89% fall of the thyroid content of “I and a dose 
of 0-5 mg (U.8.P. equivalent) in a fall of 8-7%. In the hypophysectomized 
animal the duration of action of a single subcutaneous injection of TSH 
(0-25-0-5 mg U.S8.P. equivalent) is 10-20 hr (Fig. 11). In the normal animal 
this period is followed by one in which the output of thyroidal I is com- 
pletely inhibited. This inhibition appears to be as complete as that following 
injection of thyroxine (see below) and usually of 2-3 days’ duration. It is 
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probably related to suppression of the animal’s own TSH secretion as a result 
of the raised concentration of circulating thyroid hormone due to the exo- 
genous TSH. In one experiment a second dose of TSH was given during the 
period of inhibition following the initial dose, and produced a typical accelera- 
tion of "I release. It appears unlikely therefore that the period of inhibition 
is due to inability of the thyroid gland to respond to TSH. 


Rabbit 542, O5mg TSH s.c. 
4000 hypophysectomized, 19. v. 53. 
24. vi. 53 
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Fig. 11. The effect of TSH on the release of **I from the thyroid 
gland of the hypophysectomized rabbit. 


(6) Thyroxine 

Nineteen rabbits have received doses of 50 or 100g L-thyroxine per day for 
one or more days, during the course of twenty-two experiments. In each case 
a prompt and marked inhibition of the release of “I from the thyroid was 
observed (Fig. 12). 

Following a single dose of thyroxine complete inhibition of thyroidal I 
release was observed in twenty out of twenty-two experiments for periods of 
50-100 hr. In the other two experiments the release was not completely in- 
hibited but was markedly reduced from 10:8 and 23-8%/day to 1-7 and 
1-9%/day respectively. The latent period of the inhibitory response to a dose 
of thyroxine may be measured by extrapolating the line through the points 
obtained during the preliminary control period and the line through the 
points during the period of inhibition. The interval between the administra- 
tion of thyroxine and the point of intersection of these two lines is taken to 
represent the latent period of the inhibitory action of thyroxine. The latent 
period determined in this way is probably too high but was found to be less 
than 2 hr in twelve cases, and less than 4 hr in a further six cases, and 5 and 


8 hr in the other two cases. 
2-2 
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The duration of the inhibitory effect of thyroxine varied with the dose. 
For example, in one rabbit 50 and 100 wg thyroxine were given on two separate 
occasions during a single experiment. The duration of the inhibition produced 
by 50yug was 22 hr and by 100ug 54hr. By repeated daily injections of 
100 vg the inhibition was prolonged for 10 days, and in no case was there any 
sign of ‘escape’ from the inhibitory action. To see whether the inhibitory 
effect of thyroxine on thyroid release of *4I was due to an effect on the thyroid 
gland, three rabbits were given TSH whilst their output was inhibited by a 
previous dose of thyroxine. In each case a typical response to the TSH was 
observed. 


0 50 100 150 200 250 
Time (hr) 


Fig. 12. The effect of thyroxine on the release of **I from the thyroid gland of the rabbit. 


In five experiments on five rabbits the duration of the inhibition following 
a single dose of 100ug thyroxine was accurately determined and an average 
figure of 77 hr obtained (52, 54, 60, 100 and 110hr). Assuming that the 
administered thyroxine effectively replaces the animal’s own secretion for the 
period of inhibition, an approximate figure of 35 .g L-thyroxine was obtained 
as equivalent to the daily hormonal output. 
(c) Cold 

Twenty-six rabbits have been taken from the temperature-controlled room 
(29° C) and exposed to a colder environment during the course of thirty-five 
experiments. 

In seventeen experiments a marked increase in the rate of output of "I 
from the thyroid gland was observed (Fig. 13), the average rate of output 
being approximately 2} times that of the preceding control period. There were 
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eight experiments in which no change in rate of output occurred, seven 
experiments in which the responses were of doubtful significance and three 
experiments in which a definite decrease in the rate of ™ J release from the 
thyroid was observed. The latent period of the thyroid response to the cold 
stimulus was short. In nine experiments in which a sufficient number of 
points on the curve were available to allow extrapolation, the average latent 
period was estimated at 4 hr. In all seventeen cases, however, the response 
was apparent by 24 hr. The increased thyroid activity was usually maintained 
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Fig. 13. The effect of cold on the release of “I from the thyroid gland of the rabbit. 


at a constant level throughout the period of cold exposure, but in some cases 
tended to fall after an initial increase though not to the level seen in the 
control periods. Most animals which responded to cold by an increased ™'I 
output showed a clear inhibition on being returned to the warm room. 

It was of interest that exposure to moderate degrees of cold appeared to be 
a greater stimulus to thyroid activity than exposure to more intense cold. Ten 
of the twelve rabbits exposed to a temperature of 15-5-21-0° C showed an 
increased thyroidal I output as compared with two out of seven rabbits 
exposed to a temperature of 1° C. The only three rabbits in the series to show 
inhibition of thyroid activity following cold were those placed in the cold 
room at 1° C and subjected to a continuous draught of air at this temperature. 
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(d) Hypophysectomy 

Fourteen hypophysectomized rabbits have been studied. Final histological 
examination showed that ten rabbits were completely, and four incompletely, 
hypophysectomized. The results from the latter four have been discarded in 
the following account. 

Five animals were hypophysectomized during the course of a release curve. 


In all cases a prompt and permanent decrease of the rate of release of thyroidal 
131] was observed (Fig. 14). 
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Fig. 14. The effect of hypophysectomy on the release of I from the thyroid gland of the rabbit. 


In order to obtain a sufficiently high thyroid content of "I it was necessary 
to administer doses 4—7 times as great as those given to normal animals, It 
was found that the percentage of the injected dose present in the thyroid gland 
(calculated from the neck counts and the conversion factor) 47-49 hr after 
injection was markedly lower (8-45 °% + 5-05 s.p. of twenty observations) than 
that observed in normal animals (22-25% + 5-06 s.p. of seventy-nine obser- 
vations). 

The data regarding the rate of release of ‘I before and at varying times 
after hypophysectomy is summarized in Table 3. It is clear that in the hypo- 
physectomized animals a reduced rate of release of thyroid “I was main- 
tained until the animals were killed. The average percentage loss per day of 
thyroidal radio-iodine in these rabbits was found to be 3-4% (compared with 
a pre-operative figure of 26-8%). In 100 observations on thirty other normal 


rabbits no case was observed of a percentage loss per day of less than 4%, and 
in only eight cases a loss of less than 8% (Table 1). 
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THYROID ACTIVITY IN THE RABBIT 
TaBue 3. Rate of release of thyroidal '**] (as % loss/day) in rabbits 


before and after hypophysectomy 
Percentage loss thyroidal 11] /day 
Weeks after operation 
Rabbit A 
no. Preoperative I 2 3 4 5 6 7 
456 86 26 2-2 <10 satel 
493 39-0, 140 2-4 — 
506 50-0, 30-0, 30-0 1-4 9-2 9-5 9-3 
518 28-0, 28-5, 27-5, 29-8 3-6 _ 12-5 6-2 
542 1745 23 — 1-8 <10 
544 29-5, 33-0 16 <10 — 6-1 — 6-0 8-0 
548 20-0 <10 1-5 <10 
555 2-0 2-0 <10 1-5 
556 16-6 <10 ~ 15 1-5 <10 — — 
DISCUSSION 


A convenient and accurate method of measuring variations in thyroid activity 
is one employing "I, although the danger of radiation damage to the thyroid 
has to be considered. It has been reported (Feller, Chaikoff, Taurog & Jones, 
1949) that thyroid function in the rat was not disturbed up to 10 days after 
the injection of 24 or 30 uc of I, and no evidence of damage to the thyroid 
gland or other tissues of the rat was observed for periods up to 8 months after 
a single injection of 18 yc of I (Goldberg, Chaikoff, Lindsay & Feller, 1950; 
Goldberg & Chaikoff, 1950). Further, the calculations of Myant (1953) 
suggest that the thyroid of the rabbit does not suffer radiation damage 
following four injections of 12uc I each. It therefore seemed reasonable to 
use doses of 2 or 4c of I for repeated experiments in the normal rabbit. 
A microscopic study of the thyroid glands of our animals has revealed no sign 
of radiation damage. 

Since it has been established that emotional stress affects thyroid activity in 
the rabbit (Brown-Grant, Harris & Reichlin, 1954), the question arises as to 
whether the routine confinement of conscious rabbits in the hammocks for the 
purpose of making neck counts influences the rate of release of **I by the 
gland. Any such influence is unlikely for the following reasons. 

(1) The curves representing the output of I by the thyroid gland were 
smooth and there was no correlation between the slope of the curve over any 
period of time and the frequency or grouping of the neck counts during the 
same period. 

(2) As far as can be judged by their behaviour, rabbits quickly became 
accustomed to the procedures involved in making neck counts. 

(3) Emotional stress stimuli (such as immobilization) must be continued for 
at least several hours before a detectable change in the rate of ™I output 
occurs (Brown-Grant e¢ al. 1954). 


\ 


4 . 
5 


24 K. BROWN-GRANT AND OTHERS 


The use of measurements of thyroid uptake of *"] as a valid index of thyroid 
activity requires the assumption that the radio-iodine taken up by the gland is 
not passed back into the blood as part of the thyroid hormone during the 
period of measurement. Calculation of clearance values, that is thyroid 
increment per unit blood concentration, shows that these values begin to 
decrease after 30-60 min. The most likely explanation is that at this time 1 
is being returned from the thyroid to the blood stream as part of the thyroid 
hormone (Myant, Pochin & Goldie, 1949). A similar explanation probably 
holds true for the flattening of the ‘accumulation gradient’ as reported by 
Stanley & Astwood (1947) for man, and as seen in the present work on the 
rabbit. 

The measurement of the release of ™I from the thyroid gland affords a 
better index of thyroid activity than measurement of I uptake for several 
reasons. The uptake of radio-iodine is only indirectly related to the rate of 
hormone secretion, whereas the release of ™"I is directly related to hormone 
secretion in that the loss of I from the thyroid gland is due to loss of *'I- 
labelled thyroid hormone. Uptake methods are in general affected by transient 
variations in iodide content of the blood, and by changes in renal function 
and the iodide space of the body. These factors do not influence the rate of 
release of IJ to any appreciable extent. Uptake methods based on the 
thyroid clearance of I are not influenced by changes in extra-thyroidal 
iodine metabolism, but repeated control experiments are necessary. Measure- 
ment of the rate of release of '*'I is a simpler technique, and provides a con- 
tinuous measure of thyroid activity, thus allowing control and experimental 
periods to be incorporated in a single experiment. It would seem clear there- 
fore that measurement of the output of I from the thyroid gland affords 
@ more convenient means of studying changes in thyroid activity than 
measurement of uptake. 

The slope of the curve representing the rate of "I output from the thyroid 
varies considerably in different animals, and in any one animal tends to 
decrease in the weeks following arrival in the laboratory. It is most likely that 
this is related to differences in the thyroid gland content of "I. In the 
iodine-poor thyroid the proportion of the total hormone content lost per day 
and the percentage loss of 'I per day are high, and vice versa in the iodine- 
rich gland (Stanbury, Brownell, Riggs, Perinetti, Del Castillo & Itoiz, 1952; 
Fish, Carlin & Hickey, 1952; Riggs, 1952). The above interpretation agrees 
well with the results observed after administration of potassium iodide. 

A further factor determining the slope of "I release curves might be the 
reaccumulation of I from degraded thyroid hormone. However, the results 
obtained from three different types of experiment indicate that only about 
10% of the I released from degraded thyroid hormone is reaccumulated by 
the thyroid. The average rate of loss of thyroid radioactivity, as measured, is 
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17% per day. Assuming a 10%, reaccumulation of radioactivity, the true 
figure representing the loss would be about 19% per day, a difference which is 
insignificant compared with the changes observed to follow the various 
experimental procedures studied in the present work. Also, although re- 
accumulation of **I may occur to a slight degree, the changes in slope of the 
release curves could not be explained by variation in reaccumulation rate 
since this factor would act in a direction opposite to those observed. For 
example the decreased release of I seen after administration of thyroxine 
could not be explained by a diminished rate of reaccumulation of radio-iodine. 

Administration of thyrotrophic hormone, or thyroxine, cold exposure and 
hypophysectomy had the expected effects on the rate of release of 1*1I from the 
thyroid gland. A striking feature of the effects produced by thyrotrophic 
hormone, thyroxine and cold was the rapidity of action. The latent period for 
the action of thyrotrophic hormone, injected subcutaneously, was found to be 
1-2 hr which is in agreement with the figures of 2-3 hr obtained by Wolff 
(1951) using a similar method in the rat, and may be compared with the figure 
of 8 hr given by Stanley & Astwood (1947) using an uptake method in man. 
The latent period for the action of thyroxine, injected intraperitoneally, was 
found to be about 2 hr. Wolff (1951) noted that thyroxine inhibited the release 
of ] within 24 hr in the rat and gave data suggestive of a much shorter 
latent period. Stanley (1948) found a latent period for the action of thyroxine 
of more than 10 hr and less than 24 hr in man, as judged by I uptake. The 
latent period observed in the rabbit includes the time taken for absorption of 
thyroxine from the peritoneal cavity, and for the TSH concentration in the 
blood to fall. Thus the time taken for a raised blood thyroxine concentration to 
inhibit pituitary secretion is less than 2 hr. The latent period for thyroid 
activation by cold exposure was less than 4 hr. These short time intervals 
found to precede changes in pituitary thyrotrophic secretion in response to 
thyroxine or cold are comparable with the time relationships found for the 
reflex release of adrenocorticotrophin (Colfer, de Groot & Harris, 1950) and 
gonadotrophin (Fee & Parkes, 1929) in the rabbit. It is also of interest that 
changes in pituitary activity may be reflected in the thyroid within 1 hr where- 
as changes in thyroid activity take very much longer to produce changes in the 
metabolic rate. 

Thyrotrophic hormone administration produces a marked increase in 
thyroid activity, which is followed in the normal rabbit by a period of in- 
hibition. This inhibition is probably due to suppression of endogenous TSH 
secretion by the excess circulating thyroid hormone, and is similar to that 
described in man by Perlmutter, Weisenfeld, Slater & Wallace (1952). The 
finding that individual rabbits may become refractory to the effect of TSH 
following repeated injections is in agreement with many previous observations 
using other criteria of thyroid function (Thompson, 1941). 
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Thyroxine administration was followed by a prompt and complete inhibi- 
tion of thyroid activity in twenty out of twenty-two experiments. The dura- 
tion of this inhibition varied with the total dose of thyroxine and was followed 
by a return to the previous rate of "I release. That this effect is not due to the 
iodine content of thyroxine is shown by the fact that iodine as potassium 
iodide, in doses equivalent to the iodine content of the thyroxine used, either 
had no effect on the release curve or resulted in a slight but permanent slowing. 
From the duration of the inhibition following a single dose of thyroxine it is 
possible to obtain a rough estimate (35 g/day) of the absolute rate of secretion 
of the thyroid, in terms of t-thyroxine. It is probable that the figure so ob- 
tained is too high, since no account was taken of the relatively rapid excretion 
of excess thyroxine (see Gross & Pitt-Rivers, 1952). It is likely that repeated 
small doses of thyroxine would give a lower figure and afford a simple rapid 
method of estimating thyroid secretion rate in the rabbit, as described by 
Perry (1951) for the rat. 

Exposure to moderate degrees of cold appeared to be more effective in 
stimulating thyroid activity in the rabbit than exposure to more intense cold. 
This finding is difficult to explain, but if confirmed by later work the possi- 
bility should be considered that intense cold acts both as a stress stimulus, 
which in general inhibits thyroid activity (Brown-Grant et al. 1954), as well as 
a specific stimulus for the thyroid. That severe cold may inhibit thyroid 
activity has been shown previously by Williams, Jaffe & Kemp (1949). 

Hypophysectomy promptly and permanently slows the release of “I from 
the rabbit’s thyroid, as in the rat (Wolff, 1951; Randall, Lorenz & Albert, 
1951). It was of interest that the uptake of "I by the thyroid of hypophy- 
sectomized rabbits (as measured by the content of I 48 hr after injection) 
appeared to be less reduced by the operation than the rate of I output. This 
finding may indicate that the uptake of iodine is less immediately dependent 
on pituitary function than is the output of thyroid hormone, but the possi- 
bilities must also be considered that the observation reflects only a decreased 
rate of iodine turnover in the thyroid, or a decreased rate of iodine excretion in 
the urine, following hypophysectomy. 

In conclusion it may be said that the method of plotting ‘release curves’ in 
the rabbit forms a simple and reliable technique for the study of thyroid 
activity and offers many advantages over those involving measurement of 
1317 uptake. 


SUMMARY 
1, The general distribution of ‘I, after intravenous injection in the rabbit, 
has been studied. 
2. Methods for measuring thyroid activity in the conscious rabbit are 
described. A method based on the release of 14] from the thyroid gland was 
found to have many advantages over that involving measurement of ™] uptake. 
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3. Using the release method, the effects of administration of thyrotrophic 


hormone and thyroxine, cold exposure and hypophysectomy on thyroid 
activity in the rabbit have been studied. 
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THE EFFECT OF EMOTIONAL AND PHYSICAL STRESS 
ON THYROID ACTIVITY IN THE RABBIT 


By K. BROWN-GRANT, G. W. HARRIS anv 8. REICHLIN 


From the Department of Neuroendocrinology, Institute of Psychiatry, 
Maudsley Hospital, London 


(Received 28 January 1954) 


Many workers have shown that thyroid activity is altered by physical 
damage. However, there is no direct evidence that such stress affects the rate 
of release of thyroid hormone from the gland. As part of a study on the 
functional relationship between the central nervous system, anterior pituitary 
gland and thyroid gland a method has been devised for studying the rate of 
output of thyroid hormone in conscious rabbits (Brown-Grant, von Euler, 
Harris & Reichlin, 1954). In the experiments to be described the effects of 
both emotional and physical stress on the rate of release of thyroid hormone in 


the rabbit have been studied. 
METHODS 


The technique used for studying thyroid activity in unanaesthetized rabbits has been described 
previously (Brown-Grant, von Euler, Harris & Reichlin, 1954). As in the previous work the 
animals were maintained on a standard diet and at a constant environmental temperature. 
Emotional stress has been produced by: (1) applying brief subcutaneous electric shocks (faradism) 
at approximately 1 min intervals. During the period of stimulation the animals were partially 
immobilized by placing them in small wire cages. The intensity of the stimulus was just sufficient 
to cause signs of fright. (2) Restraining the animals, either by confining them in a small cage, or 
by tying the back legs to the side of the cage with wide gauze bandages. In most experiments the 
two types of restraint were used alternately for periods from 24 to 72 hr, since the effect of any one 
procedure tended to wear off. (3) Subjecting the animals to abrupt changes in lighting, either 
from the normal day/night alternation to continuous darkness, or from continuous illumination to 
continuous darkness, or from continuous darkness to continuous illumination. All stresses were 
continued for at least 24 hr as it was noted that measurable changes in thyroid activity do not 
occur within shorter periods. 

Physical stress has been produced by: (1) removing 20% of the estimated blood volume from 
the marginal vein of the ear on either a single occasion or on two consecutive days. (2) Subjecting 
the animal to laparotomy under ether anaesthesia, and (3) giving an intraperitoneal injection of 
1-0 ml. turpentine (which produced no visible signs of pain or discomfort). 
Operations | 

The anaesthetics used were the same as in a previous study (Brown-Grant, von Euler, Harris & 


Reichlin, 1954). The thyroid gland was denervated by removing the stellate ganglia and the lower 
part of the cervical sympathetic chains. The completeness of operation was checked by careful 
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post-mortem dissection under a binocular microscope. Adrenalectomy was performed in two 
stages. In the first stage, performed through a mid-line abdominal incision, the right adrenal was 
exposed by reflecting the right kidney and dissected as free as possible from the inferior vena 
cava to which it is closely adherent. By pulling and twisting the adrenal a false pedicle of vein 
wall was formed, which was then clamped and tied. The second stage was performed 7-10 days 
later, the left adrenal being rapidly removed through a small lumbar incision. Five milligrams of 
cortisone acetate was injected immediately after the second operation, and 4 mg and 2 mg on the 
succeeding postoperative days. Following this a maintenance dose of 0-4-1-2 mg of cortisone/ 
day (in two doses) was administered. Larger doses of cortisone (10 mg/day) appeared to delay 
wound healing and to increase the incidence of wound infections. The completeness of adrenal- 
ectomy and the absence of accessory adrenal tissue was verified in all rabbits by careful post- 
mortem dissection of the retroperitoneal area and the broad ligament. After all operations, 
penicillin (100,000 U/day) either alone, or more generally together with streptomycin (125 mg/ 
day) was given for 3 days. 
RESULTS 
A. Effects of emotional stress 

(1) Subcutaneous faradism 


Five rabbits were subjected, in six experiments, to subcutaneous faradism 
for 15-54 hr. Four of the rabbits showed a prompt inhibition of release of 
thyroidal "I (Fig. 1). The fifth rabbit showed no change on the first occasion, 
but when the experiment was repeated an inhibition of the release of radio- 
iodine from the thyroid was observed. 
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Fig. 1. The effect of alternating periods of restraint and subcutaneous faradism 
on the release of "I from the thyroid gland of the rabbit. 


(2) Restraint 

Nineteen rabbits in twenty-three experiments have been subjected to 
restraint. In twenty-one of the twenty-three experiments a prompt reduction 
in the rate of release of ‘I from the thyroid gland was observed. The one 
rabbit that failed to show an inhibition on two occasions when its legs were 
tied showed a response when placed in a small cage on the third trial, so that 
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every rabbit tested responded to restraint at some time. In five of the 
twenty-one experiments almost complete cessation of I release from the 
thyroid was seen. The other cases, however, showed partial inhibition. The 
latent period of the inhibitory response was found to be short. A rough 
estimate, obtained by extrapolation, indicated a value of less than 3 hr. In 
nine experiments the inhibition lasted for as long as the restraint was applied, 
but in twelve ‘escape’ occurred after 24-48 hr. Two animals that adapted to 
one of the procedures after a 24 hr inhibition of thyroidal release of 1*1I showed 
a second 24 hr inhibition when another type of stress stimulus was applied. 
After the period of inhibition all the rabbits returned to approximately the 
initial rate of release. 


(3) Changes in lighting 

Nine rabbits were subjected to an abrupt change in conditions of illumina- 
tion on twenty-three occasions. In none of the rabbits did the change result in 
a maintained difference in the rate of ™!I release from the thyroid, which 
indicates that there is no sustained effect of illumination on thyroid activity in 
the rabbit. However, in seven experiments on three rabbits an inhibitory 
response lasting for 10-55 hr followed a change in lighting conditions (in four 
cases the change was from permanent light to darkness, and in three cases 
a change from darkness to light). In ten experiments on five rabbits no 
change in the rate of release of thyroidal I was observed, and in six experi- 
ments on six rabbits the responses were of doubtful significance. 


B. Effects o sical stress 
(1) Haemorrhage 
Six experiments have been performed on 6 rabbits. All animals showed an 
inhibition of the release of #*" from the thyroid gland, lasting 24-48 hr (Fig. 2). 


(2) Anaesthesia 
Four animals were anaesthetized (open ether, together with intravenous 


chloralose and urethane). In two, no inhibition, in the other two a partial 
inhibition only, was observed over the subsequent 1-2 days. 


(3) Laparotomy 

Four rabbits were subjected to laparotomy under ether anaesthesia, the 
intestines being exposed for 15, 25, 25, and 35 min respectively. Each animal 
showed a complete inhibition of "I release from the thyroid lasting from 
29-46 hr (Fig. 3). | 
(4) Intraperitoneal injection of turpentine | 

1 ml. of turpentine was injected intraperitoneally in 4 rabbits. All four 
showed complete inhibition of the release of ™'I lasting from 17 to 63 hr 
(Fig. 4). 


4 
| 
fi 
4 
4 


| 32 K. BROWN-GRANT, G. W. HARRIS AND S. REICHLIN 


(5) Subcutaneous abscess 
During the course of an experiment a rabbit developed a large subcu- 
taneous abscess at the site of injection of arachis oil. The release of thyroidal 
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Fig. 2. The effect of haemorrhage (removal of blood, 15 ml./kg body weight) 
on the release of ™I from the thyroid gland of the rabbit. 
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Fig. 3. The effect of surgical trauma (laparotomy) on the release 

of I from the thyroid gland of the rabbit. 
1311 was inhibited at the time that the abscess became prominent, and re- 
mained inhibited for 8} days. Two days after surgical drainage of the abscess 
the previous rate of release of radio-iodine was resumed (Fig. 5). 


J 
Haemorrhage 
J 
. 1000 y 
3 
3 
zZ 
¢ 
500 0 
4 
| 
Laparotomy 
{ 
q 
1000 
a 
~ 
~ 
~ 
~ 
~ 


STRESS AND THYROID ACTIVITY 33 


C. Experiments on wild rabbits 


Kracht & Kracht (1952) have reported that wild rabbits brought into 
captivity develop a state of hyperthyroidism (exophthalmos, weight loss and 
muscular weakness) and die within 3 weeks. In view of these results experi- 


Rabbit 642, 
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Fig. 4. The effect of an intraperitoneal injection of 1 ml. turpentine 
on the release of ™'I from the thyroid gland of the rabbit. 
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Fig. 5. The effect of surgical drainage of an abscess on the rate of release of 
181] from the thyroid gland, and on the body weight, of a rabbit. 
ments were conducted on five wild rabbits. The animals, two male and three 
female, were ferreted and captured in nets near Dorking, Surrey, during the 


month of July. After transport to the laboratory they were maintained under 
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conditions similar to those of the tame rabbits. All five animals lost weight 
during the first week of captivity, but during the succeeding 6 weeks four out 
of the five maintained or increased their body weight. No exophthalmos or 
muscular weakness ascribable to a hyperthyroid state was observed, although 
the transient widening of the palpebral fissure and proptosis, similar to that 
which occurs during fright in tame rabbits, was noticed when the animals were 
handled or disturbed. The fact that wild rabbits will live for long periods in 
captivity, though not breed, has been noticed by previous workers (J, 
Hammond senr., personal communication). 

Three of the five rabbits were injected, on one or more occasions, with radio- 
iodine and the rate of release of }*"J from the thyroid gland measured as for the 
tame animals. During the course of four such experiments the animals were 
subjected to restraint and an inhibition of the rate of release of thyroidal "I 
was observed to follow the restraint stimulus on three occasions. During the 
fifth experiment an animal was placed for 46 hr in close proximity to a ferret 
(separated only by a wire mesh). No effect on the release of I from the 
thyroid gland was seen. 


D. Mechanism of thyroid inhibition by stress stimulr 
(1) Cervical sympathectomy 
Although there is good evidence that the thyroid gland is not supplied by 
secretomotor fibres (see Harris, 1948) the possible role of the nerve supply to 
the blood vessels of the thyroid gland in the emotionally induced thyroid 
inhibition was investigated. Two rabbits were subjected to the usual restraint 
2-3 weeks after stellate ganglionectomy and avulsion of a portion of the 


cervical sympathetic chain. The inhibitory response of these animals was in 
every way typical of normal rabbits (Fig. 6). 


(2) The adrenal gland 


The procedures found to give inhibition of thyroid activity are those which, 
in all probability, lead to an increased secretion of adrenaline and of adrenal 
cortical hormones. Since there are data in the literature that injection of 
adrenaline or adrenal cortical steroids influences thyroid activity it became 
necessary to determine, first, the effect of these substances on the rate of 
release of "J from the thyroid gland of the normal rabbit, and secondly the 
effect of stress stimuli on the rate of release of thyroidal radio-iodine in the 
adrenalectomized rabbit. 

Injection of adrenaline. Nine experiments have been performed on eight 
rabbits in which adrenaline [‘Hyperduric Adrenaline’, (adrenaline in the form 
of the salt of mucic acid), Allen and Hanburys Ltd., London] was injected 
subcutaneously in divided doses of 500-1000 g/day for 2-6 days while the 
release of **{ from the thyroid gland was observed. In four cases control 
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injections of the diluent were administered twice daily for 1 or 2 days pre- 
ceding and following the period during which adrenaline was injected. In no 
case did the control injections alter the rate of release of thyroidal iodine, but 
in every case the injection of adrenaline was seen to result in inhibition in the 
release of *I. In seven of the nine experiments, however, the inhibitory 
effect was maintained for only 22-66 hr, although injection of adrenaline was 
continued for periods up to 131 hr. 


stellate ganglia 
| Restraine removed 4. iv. 53. 
19. iv. 53 
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Fig. 6. The effect of restraint on the release of I from the thyroid gland 
of a rabbit 19 days after removal of the stellate ganglia. 


Injection of adrenocorticotrophic hormone (ACTH) or adrenal cortical steroids. 
Subcutaneous injection of ACTH or 11-dehydro-17-hydroxycorticosterone 
(cortisone) has been shown to inhibit the release of thyroidal I (Brown- 
Grant, Harris & Reichlin, 1954). 

Adrenalectomized rabbits. Ten adrenalectomized rabbits, maintained by 
administration of constant doses of cortisone (0-2—0-6 mg subcutaneously, twice 
daily), were subjected to restraint or subcutaneous faradism while the rate of 
release of 484] from the thyroid gland was studied. Nine rabbits showed a 
definite inhibition of the release of thyroidal radio-iodine, lasting from 29 to 
58 hr, on at least one occasion (Fig. 7). The inhibition of I release was, 
however, less constantly elicited by stress stimuli in the adrenalectomized 
rabbits than in normal rabbits. One adrenalectomized animal failed to 


respond on two occasions, and two others failed to respond on one occasion. 
3-2 
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The inhibition of ‘I release from the thyroid gland of the adrenalectomized 
rabbit following emotional stress was otherwise identical with the responses in 
the normal. 


0-6 mg cortisone twice daily 


Restraint 


1500 F- Rabbit 477, 
adrenalectomized, 23. iii. 53. 
Release curve, 

13. vi. 53 


0 4” 80 120 160 200 
Time (hr) 


Fig. 7. The effect of restraint on the release of “I from the thyroid gland of a rabbit 3 months 
after adrenalectomy, and while on constant maintenance therapy with cortisone. 


DISCUSSION 


The present results demonstrate that the rate of release of ™I from the 
thyroid gland of the rabbit is inhibited by stress stimuli. The question arises as 
to whether the decreased rate of release observed could be explained on the 
grounds of increased reaccumulation of “I derived from degraded hormone, 
or whether it represents a true decrease in thyroid activity (decreased rate 
of loss of J-labelled hormone). It would seem valid to interpret the ob- 
served change in terms of decreased thyroid secretion for the following 
reasons. 

(i) In normal rabbits only 10% of the ™I leaving the gland as radioactive 
hormone is reaccumulated (Brown-Grant, von Euler, Harris & Reichlin, 
1954). 

(ii) In many experiments stress stimuli resulted in complete inhibition of 
the loss of thyroid I. It is very unlikely that this can be explained in terms 
of a changed rate of reaccumulation alone. 

(iti) The protein-bound I in the blood of the rabbit is decreased by both 
physical and emotional stress stimuli (Brown-Grant, unpublished data). 

(iv) There is much evidence in the literature that conditions of stress are in 
fact associated with a decrease of ‘I uptake by the thyroid, which would 
tend to reduce the reaccumulation of "I (see below). 
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The fact that emotional stimuli influence thyroid activity indicates that the 
central nervous system exerts a regulating influence on the thyroid gland. 
The latent period of the response following emotional stress (less than 3 hr) is of 
the same order of magnitude as that seen following thyroxine or TSH admin- 
istration, or exposure to a cold environment (Brown-Grant, von Euler, Harris 
& Reichlin, 1954). Complete or partial inhibition of the release of thyroidal 
131] was observed to follow emotional stress stimuli. It is of interest that the 
rate of release of ***] from the thyroid often showed a return to that of the 
initial control period before the cessation of the stress. This ‘escape’ is most 
likely due to the animals becoming ‘accustomed’ to the stressing procedure, 
since the overt behaviour of the animals change, suggesting that the proce- 
dures had become less disturbing. Furthermore, it was found that alternation 
of two different stress stimuli would prolong the inhibitory effect on the 
thyroid as compared with the effect produced by one constant stimulus. 

Although abrupt changes in the conditions of lighting are followed by a 
temporary reduction in the rate of release of I from the thyroid gland, it is 
clear that it is the change in the lighting, rather than light or darkness per se, 
which affects thyroid activity. The rate of release of I from the thyroid 
eventually returned to the same level whether the animals were kept in 
permanent light or in almost permanent darkness. These findings are contrary 
to those of Puntriano & Meites (1951) who reported that continuous darkness 
for 28 days increased thyroid activity in the mouse. 

The depression of thyroid activity caused by emotional stress in the rabbit 
appears to be one of several responses to such stimuli in this species. Apart 
from the well-known activation of the sympathetic nervous system and 
adrenal medulla, restraint and other emotional stimuli have been shown to 
result in hypothermia (Grant, 1950), inhibition of a water diuresis (Brod & 
Sirota, 1949) and an increased discharge of adrenocorticotrophic hormone 
(Colfer, de Groot & Harris, 1950) in the rabbit. 

The observation in the present work that emotional stress results in de- 
creased thyroid activity in the rabbit is contrary to the findings of Kracht & 
Kracht (1952). Their conclusion that a state of hyperthyroidism develops in 
wild rabbits under conditions of captivity is based on indirect and histological 
criteria rather than actual measurement of thyroid activity. A small group of 
wild rabbits captured and kept in this laboratory have failed to show mani- 
festations similar to those described by these authors. Also they responded to 
the emotional stimulus of restraint in the same way as the domestic rabbit, 
that is with a decreased rate of release of 1!I-labelled hormone from the 
thyroid. 

The effect of physical trauma or stress on thyroid activity in the rabbit is 
very similar to that elicited by emotional stress. Following laparotomy, 
haemorrhage or intraperitoneal injection of turpentine a definite inhibition in 
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the rate of release of I from the thyroid gland was observed in all fourteen 
experiments. The latent period of the inhibitory response was short, being less 
than 3 hr, and the duration in ten cases out of the fourteen was between 24 
and 48hr. Most previous workers have reported that physical stress of 
various types reduces “J uptake by the thyroid. Injection of typhoid vaccine, 
trauma, fasting, cold, heat (Williams, Jaffe & Kemp, 1949), injection of 
formalin (Paschkis, Cantarow, Eberhard & Boyle, 1950), injection of formalin, 
cordotomy (Bogoroch & Timiras, 1951), anoxia, starvation, vitamin deficiency, 
nephrectomy (van Middlesworth & Berry, 1951), tourniquet shock (Hamolsky, 
Gierlach & Jensen, 1951) have all been reported to decrease the uptake of "I 
by the thyroid gland of the rat. However, measurements of I uptake by the 
thyroid under conditions of stress do not necessarily give a specific index of 
thyroid activity, since stress (Bogoroch & Timiras, 1951) and the injection of 
cortisone (see Ingbar, 1953) lead to an increased renal clearance of iodide. The 
amount of J present in the thyroid gland at a given time after injection will 
also depend on the turn-over rate, and this factor may have to be considered 
in interpreting some of the data in the literature (e.g. that of Wase & Repp- 
linger, 1953). 

In the present study large daily doses of adrenaline were found to decrease 
the rate of secretion of '*I-labelled thyroid hormone in the rabbit. Much 
contradictory evidence exists in the literature regarding the effect of adrenaline 
on thyroid activity. Soffer, Volterra, Gabrilove, Pollack & Jacobs (1947) 
found hyperplasia of the thyroid following adrenaline injections in the dog. 
Soffer, Gabrilove & Jailer (1949) described a decrease in the 24 hr uptake of 
radio-iodine in rats following adrenaline, whereas Williams, Jaffe & Kemp 
(1949) found that the 24 hr uptake of "I in rats was increased by adrenaline, 
although the 1 and 2 hr uptake and the serum protein-bound I were de- 
creased. Botkin & Jensen (1952) similarly report a decrease in the I uptake 
and serum protein-bound radio-iodine in rats. Reiss (1953) also describes a 
reduced 1] uptake by the thyroid in rabbits following adrenaline administra- 
tion, although Reiss, Forsham & Thorn (1949) have shown that the "I uptake 
of the human thyroid is increased by this hormone. It is impossible at the 
moment to harmonize these findings, though the bulk of the evidence suggests 
that adrenaline exerts an inhibitory effect on thyroid activity. 

The mechanism by which conditions of stress lead to decreased activity of 
the thyroid gland in the rabbit has been investigated. The fact that inter- 
ruption of the cervical sympathetic nerves did not abolish this response makes 
it seem unlikely that the effect is mediated by a direct nerve supply to the 
thyroid gland. Since both the adrenal medulla and adrenal cortex are well 
known to be activated by stresses, and since injections of ACTH or cortisone 
(Brown-Grant, Harris & Reichlin, 1954) and adrenaline result in decreased 
secretion of thyroid hormone in the rabbit, the possibility existed that the 
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effect of stress on the thyroid gland was secondary to increased secretion by 
the adrenal. However adrenalectomy did not abolish the inhibitory response 
of the thyroid to stress stimuli. This finding is in harmony with that of 
Hamolsky et al. (1951) who found that depression of ™I uptake occurs in the 
adrenalectomized, as well as the normal, rat in response to stress. 

Since neither denervation of the thyroid (stellate ganglionectomy) nor 
adrenalectomy prevents the response of the thyroid gland to emotional stress, 
the most likely hypothesis is that such responses are due to reduction in the 
secretion of thyrotrophic hormone from the anterior pituitary gland. 


SUMMARY 


1. Emotional stress produced in rabbits by subcutaneous faradism, 
restraint, or abrupt changes in environmental lighting induces a prompt 
inhibition of 1-2 days’ duration in the release of 'I-labelled hormone from the 
thyroid gland. 

2. Similar effects on thyroid activity are also produced by physical traumata — 
(haemorrhage, surgical operations, injection of turpentine). 

3. Neither denervation of the thyroid gland (stellate ganglionectomy) nor 
adrenalectomy prevents the inhibition of release of thyroid hormone that 
follows emotional stress. 

4. These findings support the view that the central nervous system can 
influence thyroid activity, and that this influence is mediated through altera- 
tions in the secretion of thyrotrophic hormone from the anterior pituitary 
gland. 
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THE INFLUENCE OF THE ADRENAL CORTEX 
ON THYROID ACTIVITY IN THE RABBIT 
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From the Department of Neuroendocrinology, Institute of Psychiatry, 
Maudsley Hospital, London 


(Received 28 January 1954) 


Physical and emotional stresses have been shown to decrease thyroid activity 
in the rabbit (Brown-Grant, Harris & Reichlin, 1954). Although this depres- 
sion is not secondary to or dependent upon the activation of the adrenal gland 
brought about by such stresses, it was found on further investigation of the 
adrenal cortex-thyroid relationship that activation of the adrenal cortex and 
the administration of adrenal steroid hormones profoundly influenced thyroid 
activity in the rabbit. This paper is concerned with the results of these experi- 
ments and of others designed to elucidate the mechanism by which these 
compounds influence thyroid activity. Preliminary reports of these experi- 
ments have appeared (Brown-Grant, von Euler, Harris & Reichlin, 19534, 5). 


METHODS 


Adult female rabbits of mixed stock weighing 2-3 kg were used. The animals were kept under 
standard conditions and thyroid activity was studied by the method of ‘release curves’ previously 
described (Brown-Grant, von Euler, Harris & Reichlin, 1954). Hypophysectomized and adrenal- 
ectomized animals were prepared and completeness of operation checked as previously described 
(Brown-Grant, von Euler, Harris & Reichlin, 1954; Brown-Grant, Harris & Reichlin, 1954). 
Drugs. 11-dehydro-17-hydroxycorticosterone (compound E, cortisone acetate, Merck) was 
given in suspension in divided doses twice daily. (Figures given in the text refer} o total daily 
o- ) The descxycorticosterone acetate (DOCA) used was the B.P. (Organon) preparation in oil. 
rticotrophic hormone (ACTH) (Armour, batch nos. 41-L and 79-R), and thyrotrophic 
hormone (TSH) (Armour, lot no. R377157) were dissolved in 0-9% sodium chloride solution 
(saline) immediately before use. All drugs were given by subcutaneous injection. Doses are given 
in the text. 


RESULTS 
(1) Effect of cortisone on normal rabbits 
Cortisone in doses of 0-2-25-0 mg/day for up to 8 days has been given to 
seven normal and one ovariectomized rabbits in nine experiments, while the 
rate of release of 11J-labelled hormone from the thyroid gland was being 
studied. In all experiments, the injections of cortisone were preceded and 
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followed by a period of several days during which control injections (s.c.) of 
0-5 ml. saline or 0-5 ml. Merck suspending agent were given twice daily. The 
control injections had no effect on the rate of release of thyroidal ™ 1. 

In seven experiments cortisone in doses of 10 mg/day (5 expts.), 20 mg/day 
(1 expt.), 25 mg/day (1 expt.) produced a prompt (within 12 hr) and marked 
reduction in the rate of ™I release which was maintained throughout the 
period of cortisone administration (Fig. 1). In five cases the release of I was 
completely inhibited, and in the other two was reduced to 5% and 2%/day 
as compared with 11% and 33%/day respectively in the control periods. 
After stopping cortisone there was a prompt return to the previous rate of 
release. 


Cortisone 
Saline control 5-0 mg s.c. Saline control 
Rabbit 494, 
release curve, 
™, 11. iv. 53 
1000}- 
500 
0 40 80 120 160 200 240 
Time (hr) 


Fig. 1. The effect of subcutaneous injections of cortisone (5 mg twice daily) 
on the release of "I from the thyroid gland of the rabbit. 


Two rabbits were given gradually increasing doses of cortisone, 0-2—20 mg/ 
day in one case and 0-2—40 mg/day in the other. No effect was seen with the 
lower doses, but a decrease in the rate of release was produced by a dose of 
6 mg/day (but not 3-2 mg/day) in one case and by 10 mg/day (but not 4 mg/ 
day) in the other. Higher doses did not reduce the rate of release further in 
these two experiments. One animal returned to a normal slope 24 hr, and the 
other 80 hr, after stopping cortisone administration. 


(2) Effect of ACTH administration in normal rabbits 


The effect of activating the adrenal glands by administration of adreno- 
corticotrophic hormone was investigated in six experiments on five rabbits. 
Twice daily injections of ACTH in doses of 4 mg/day (3 expts.) 10 mg/day 
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(2 expts.) and 20 mg/day (1 expt.) were given to rabbits while on release 
curves. Control injections of saline were given before and after ACTH 
administration in all but one experiment. In each case the effect was to 
produce a prompt (within 12 hr) and marked inhibition of release of thyroid 
hormone; the characteristics of the response were identical with those follow- 
ing cortisone administration (Fig. 2). 


Saline control ACTH Smg Saline control 


release curve, 


2pc 30. tii. 53 


0 4 80 120 160 200 240 
Time (hr) 


Fig. 2. The effect of subcutaneous injections of ACTH (5 mg twice daily) 
on the release of **I from the thyroid gland of the rabbit. 


_ (3) Effect of DOCA administration in normal rabbits 

Although there is no evidence that desoxycorticosterone is secreted by the 
adrenal cortex, it was of interest to see whether DOCA possessed similar 
thyroid-inhibiting properties to those of cortisone. 

The effect of DOCA on the rate of release of thyroid hormone has been 
studied in ten experiments on ten rabbits. DOCA was administered in 5 or 
10 mg doses for 2-5 days. In eight cases no effect was seen. In one case 10 mg/ 
day produced a slight decrease in the rate of "I release, and in another 
animal 5 mg/day produced a complete inhibition for 24 hr, followed by a 
return to the rate of release seen in the control period, although injections of 
DOCA were continued. 


(4) Experiments on adrenalectomized rabbits 

In order to obtain greater control over the concentration in the blood of 
circulating cortical steroids, adrenalectomized rabbits were used. The rate of 
release of thyroidal 181] was observed whilst varying the maintenance dose of 
cortisone, in eight adrenalectomized animals. 
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In experiments on four rabbits it was found possible to alter the rate of #1] 
release, and maintain a new rate indefinitely, by varying the maintenance dose 
of cortisone in the range of 0-2—5-0 mg/day. Within this range increasing 
dosage reduced the rate of release, and vice versa (Fig. 3). The rate of release 
in these experiments was varied in the range 5-40% thyroidal ™'I content 
per day. 

Five rabbits were given doses of 10 mg cortisone/day for periods up to 
3 days, during a release curve. In each case there was complete or almost 
complete inhibition of release of thyroid hormone, as was found at this dose 
level in the intact animal. 


Cortisone (mg/day) 
1500 }- 
Rabbit 434, 
adrenalectomized, 


release curve, 
28. ili. 53 


500 
0 40 80 120 160 
Time (hr) 


Fig. 3. The effect of varying the daily maintenance dose of cortisone on the release 
of I from the thyroid gland of the adrenalectomized rabbit. 


The effect of stopping cortisone maintenance therapy was investigated in 
five animals. In three experiments there was a gradual slowing of the rate of 
release over 12-48 hr after stopping cortisone. The slower rate was main- 
tained for the period of several days over which observations were made. In 
one experiment there was an initial acceleration, followed by a rate of release 
slower than that observed while the animal was receiving low dosage of 
cortisone. In the fifth experiment no change was observed following with- 
drawal of cortisone. In two of these animals, subsequent resumption of low 
(0-2 and 0-4 mg/day) dosage of cortisone produced an acceleration, whereas 
still higher doses again slowed the release. 
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In view of the findings of Soffer, Gabrilove & Dorrance (1951) that ACTH 
administration will reduce the uptake of I by the thyroid of adrenalecto- 
mized rats maintained on DOCA, the effect of ACTH on the rate of release of 
thyroid hormone in two adrenalectomized rabbits on a constant maintenance 
dose of cortisone was investigated. Both animals were given 5 mg of ACTH 
twice daily (total dose 15 mg). The specific effect of ACTH on the thyroid 
could not be studied because the preparation used was sufficiently toxic to 
cause the death of these adrenalectomized animals. Following the injection 
there was, however, a prompt and complete inhibition of release of "I, 
lasting 36 and 23 hr, at which time the animals died. 


(5) Experiments on hypophysectomized rabbits 

Among various hypotheses put forward to explain the action of cortisone in 
depressing thyroid function, it has been suggested that cortisone may reduce 
the sensitivity of the thyroid gland to thyrotrophic hormone. Several workers 
have found that the increase in the uptake of "I by the thyroid gland pro- 
duced by injection of TSH in the hypophysectomized rat may be abolished or 
greatly reduced by concurrent administration of cortisone or ACTH. This 
finding however, is not universal (see discussion for references to previous 
work), and so a similar investigation was carried out in the hypophysectomized 
rabbit. The procedure adopted was as follows. Hypophysectomized animals 
were injected with a sufficiently large dose (4-12yuc) of ™I to provide a 
satisfactory initial counting rate 48 hr later (1000-3000 counts/min). The rate 
of release of thyroidal ™ I is very low in the hypophysectomized rabbit, the 
slope of release curve being less than 1°%/day in many cases. After a control 
period of several days, a single injection of freshly prepared TSH (250- 
1000 ug) in saline was given. The dose varied according to the sensitivity of 
the individual animal to the hormone preparation used, but was constant in 
any one experiment. The result of the injection was a prompt and marked 
discharge of 4**] from the gland, lasting about 18 hr, followed by a return to the 
previous very slow rate of release. After stabilization at the new level, 
cortisone 10 or 40 mg/day was given. This had no effect on the slope of the 
release curve; 36 hr after the first injection of cortisone and while cortisone 
administration was continued, a second dose of TSH was given, and a second 
discharge of 11] from the gland produced. Following a return to the previous 
slow rate of release, cortisone administration was stopped. After a period of 
several days to allow any effects of the cortisone to wear off, a third dose of 
TSH was given. The results were recorded by determining the fall in ™I 
content produced by each dose of TSH and expressing this as a percentage of 
the gland content of I at the time of injection of TSH. A typical experiment 
is illustrated in Fig. 4, and the results of six experiments in five animals are 
given in Table 1, when the responses to TSH alone are compared with the 
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responses to TSH during the administration of cortisone. It may be seen that 
there is no significant difference in the effect produced by TSH during the 
administration of cortisone (in amounts sufficient to inhibit completely the 
release of J in normal and adrenalectomized animals) and the effect of 


TSH alone. 
Cortisone, 20 mg s.c. 
3000 Ft 
2500 k TSH 10 mg s.c. TSH 10mg s.c. TSH 10mg s.c. 
2000 \ 
Rabbit 555. 
. 31% \ hypect. 26. v. 53, 
1500 }- release curve 
4pc "1, 13. vi. 53 | 
248 % \ 
0 40 80 120 160 200 240 280 320 
Time (hr) 
Fig. 4. The effect of cortisone on the response of the thyroid gland to 
injection of TSH in the hypophysectomized rabbit, 
TaBLE 1, The effect of cortisone on the thyroid response of the 
hypophysectomized rabbit to TSH 
% fall after 
Dose of % fall after 2nd injection % fall after Dose of 
TSH Ist inj TSH (with 3rd injection cortisone 
Rabbit (ug) TSH (alone) cortisone) TSH (alone) (mg/day) 
542 250 29-3 16-5 13-2 40 
O44 500 25-6 14-4 8-1 10 
548 500 9-8 13-6 20-6 10 
555 500 29-4 26-4 15-5 10 
555 1000 31-0 26-1 24-1 40 
556 500 24-0 15-0 15-8 40 
DISCUSSION 


Cortisone and ACTH have been shown to depress the rate of release of 1*I- 
labelled hormone from the thyroid gland of the rabbit. This observation is in 
agreement with the bulk of previous work dealing with the effects of ACTH 
and cortisone on thyroid function. 

Lowered uptake of I by the thyroid gland has been reported, by many 
workers, to follow ACTH or cortisone administration in man (see Berson & 


Yalow, 1952; Kuhl & Ziff, 1952), and in the rabbit (Myant, 1953). Similarly, 
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cortisone and ACTH administration in the rat has been found to depress 
thyroid activity as judged by "I uptake (Money, Kraintz, Fager, Kirschner & 
Rawson, 1951; Albert, Tenney & Ford, 1952; Perry, 1951; Verzar & Vidovic, 
1952; Migeon, Gardner, Crigler & Wilkins, 1952), by histological criteria 
(Cheymol, Delsol & Pazin, 1952) and by thyroid weight (Mercier-Parot & 
Tuchmann-Duplessis, 1951). However, Eucortone (Allen and Hanburys) and 
cortisone have been reported not to depress thyroid activity in the rat as 
judged by uptake of "I (Paschkis, Cantarow, Eberhardt & Boyle, 1950; van 
Middlesworth & Berry, 1951) and by thyroid weight (Winter, Silber & 
Stoerk, 1950; O’Neal & Heinbecker, 19536). Cortisone administration has 
occasionally been reported to increase thyroid activity as judged by histo- 
logical criteria (Higgins, Woods & Kendall, 1951; Halmi & Barker, 1952; 
Moszkowska & LeRoy, 1953). 

In our experiments, DOCA had no consistent effect on thyroid function in 
the rabbit. Although DOCA has been reported to reduce the uptake of J 
by the thyroid gland of the rat (Money et al. 1951; Perry, personal communica- 
tion) and man (Zingg & Perry, 1953), negative results, with which our findings 
are in agreement, are reported by Paschkis et al. (1950) and Migeon et al. (1952) 
(rat uptake), Perry (personal communication) (rat-'I output) and 
Mercier-Parot et al. (1951) (rat-histological criteria). 

In two experiments, ACTH was found to be effective in reducing thyroid 
activity in the adrenalectomized rabbit. A similar result, using uptake of 
181], was reported by Soffer et al. (1951) in the adrenalectomized rat. Since the 
hormone preparation used in our experiments was highly toxic to the adrenal- 
ectomized animal, it seems likely that the ACTH acted as a non-specific stress 
to reduce thyroid activity. 

In the adrenalectomized rabbit, cessation of cortisone maintenance therapy 
(0-2-0-5 mg/day) resulted in a diminution in the rate of release of thyroidal 
31]. This may be due to the state of adrenal insufficiency. Resumption of 
small daily doses of cortisone increases the release of 1811, a result which may be 
compared with the effect of cortisone on thyroid activity in the Addisonian 
patient (Hill, Reiss, Forsham & Thorn, 1950). Larger doses of cortisone again 
inhibit the release in the rabbit, and the uptake in the Addisonian. 

The majority of workers find that ACTH and cortisone depress at least 
certain aspects of thyroid function, but little is known of the mechanism by 
which this effect is brought about. It has been suggested that ACTH and 
cortisone may (1) produce an apparent decrease in "I uptake by the thyroid 
by increasing the renal clearance of "I, (2) decrease the sensitivity of the 
thyroid gland to circulating TSH, or (3) decrease the rate of TSH secretion by 
the pituitary gland. 

If the uptake of 181] by the thyroid gland is used as a measure of thyroid 
activity, the results may be influenced by changes in extra-thyroidal disposal 
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of 11] as well as by genuine changes in thyroid activity (see Berson & Yalow, 
1952; Riggs, 1952). Cortisone and ACTH are known to promote renal excre- 
tion of iodide and so tests based solely on the uptake of “I by the thyroid 
gland, or urinary excretion of '*'I, are unreliable during cortisone or ACTH 
treatment. However, definite evidence that thyroid activity is depressed by 
ACTH and cortisone have been obtained by methods independent of changes 
in renal function (thyroid clearance of 'I, rate of secretion of 1'I-labelled 
hormone from the thyroid, thyroid histology and weight). * 

The effect of ACTH and cortisone on the sensitivity of the thyroid gland to 
TSH has been investigated by a number of workers using hypophysectomized 
animals. Conflicting results have been obtained. Cortisone and ACTH are 
reported to reduce the increase in }*'I uptake by the thyroid gland produced by 
injections of TSH in the hypophysectomized rat (Woodbury, Ghosh & 
Sayers, 1951; Rawson, 1952; Verzar & Vidovic, 1952; Epstein, Cantarow, 
Friedler & Paschkis, 1953). However these results are again open to the 
criticism that changes in renal excretion may have influenced the thyroid 
iodine uptake. The renal clearance of #*'I has been shown to be abnormally low 
in the hypophysectomized rat (Albert, Tenney & Lorenz, 1952). Ingbar 
(1953) has shown that cortisone produces an increased renal excretion of }**] 
in hypophysectomized rats and that this change in renal excretion is sufficient 
to account for the apparent reduction in uptake of #'I by the thyroid of these 
rats when treated with TSH and cortisone as compared with TSH alone. He 
further showed that the thyroidal clearance of plasma iodide in hypophy- 
sectomized rats was markedly increased by the administration of TSH but 
was unaffected by the concomitant administration of cortisone. In our own 
work, cortisone in doses greater than those necessary to inhibit completely the 
release of thyroid hormone in normal or adrenalectomized rabbits had no 
significant effect on the discharge of hormone from the thyroid gland of the 
hypophysectomized rabbit following the injection of TSH. The conclusion 
that cortisone does not affect the response of the thyroid to TSH is in agree- 
ment with Ingbar (1953) and other workers who have used methods of 
measuring thyroid activity that are independent of changes in renal excretion 
of I (Halmi, 1952; Halmi, Bogdanove, Spirtos & Lipner, 1953; O’Neal & 
Heinbecker, 1953a). Alterations in the ability of the thyroid to respond to 
TSH do not then provide an adequate explanation for the effects of ACTH and 
cortisone on thyroid function. 

A suppression of TSH secretion seems the most probable explanation for the 
effects produced by ACTH and cortisone on the thyroid gland. Two experi- 
mental findings have been thought by some workers to be contrary to this 
view. First, Albert et al. (1952) and Perry (1951) have observed that cortisone 
and ACTH do not affect the rate of release of I from the rat thyroid, 
although they decrease the uptake of I. Since thyroxine administration, 
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which is known to depress pituitary TSH secretion, reduces both uptake and 
rate of release this has been cited as evidence that cortisone and ACTH cannot 
be acting in the same way. However, both in the work reported in this paper 
and in the work of Myant (1953) cortisone has been shown to reduce the rate of 
release of thyroid hormone in the rabbit. The failure to demonstrate an in: 
hibitory effect on the rate of release in the rat may be due to inadequate 
dosage of cortisone, as Bondy & Hagewood (1952) have shown that administra- 
tion of 12-5 mg/day cortisone produces a significant fall in the protein-bound 
iodine concentration of the blood in 3 days in the rat. Secondly, it has been 
suggested (d’ Angelo, Stevens, Paschkis & Cantarow, 1953) that if cortisone and 
ACTH act to depress pituitary TSH secretion then they might prevent the 
development of a goitre and the histological changes in the thyroid that follow 
the administration of goitrogenic drugs. Although several workers (see 
d’Angelo et al. 1953; O’Neal & Heinbecker, 19536) have found that cortisone 
and ACTH do not interfere with the action of goitrogens, this finding does not 
exclude the possibility that in the normal animal ACTH and cortisone act by 
depressing pituitary TSH secretion. 

From the work reported in this paper and a review of the literature it seems 
probable that cortisone and ACTH act to depress thyroid activity in the intact 
animal principally by a suppression of pituitary thyrotrophic hormone secre- 
tion. The mechanism by which such a reduction in anterior pituitary TSH 
secretion might be brought about is still a matter of speculation; in view of the 
importance of the adrenal-thyroid relationship in both clinical and experi- 
mental endocrinology this is a question which merits further detailed investi- 
gation. 

SUMMARY 

1. Measurements of the output of radioactive thyroid hormone showed 
that ACTH and cortisone depressed thyroid activity in the rabbit. DOCA had 
no significant effect. 

2. In the adrenalectomized rabbit variations in the maintenance dose of 
cortisone were followed by marked changes in thyroid activity. 

3. Cortisone did not influence the response of the thyroid gland of the 
hypophysectomized rabbit to TSH administration. 

4. It seems probable, from this work and the data in the literature, that 
cortisone and ACTH act mainly by suppressing pituitary thyrotrophic hormone 
secretion. 

Supplies of cortisone acetate were generously provided by the Medical Research Council and 
Merck and Co. (New Jersey). Ad ticotrophic hormone and thyrotrophic hormone were 
obtained through the kindness of Armour and Co., Chicago. The expenses of this work were in 
part defrayed by grants (to G. W.H.) from the Medical Research Council and from the Foulerton 
Gift Fund of the Royal Society. Grateful acknowledgements are due to the Medical Research 
Council for the grant of a Research Studentship (to K. B.-G.) and to the Commonwealth Fund for 
the grant of a Fellowship (to S.R.) during the tenure of which this work was carried out. 
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AN ANALYSIS OF THE CENTRAL AND PERIPHERAL 
COMPONENTS OF RESPIRATORY FAILURE PRODUCED 
BY ANTICHOLINESTERASE POISONING IN THE RABBIT 


By P. G. WRIGHT 
From the Department of Physiology, University College London, W.C. 1 
(Received 23 February 1954) 


A considerable volume of work now exists on the effects of large doses of 
various cholinesterase inhibitors in several animal species. These drugs cause 
widespread effects in the body which interact and complicate the investiga- 
tion of the disturbaace in any particular organ. Whilst it is agreed that the 
immediate cause of death is asphyxia, it is apparent that a species variation 
exists when the drug and the factors contributing to the respiratory failure are 
considered (see Koelle & Gilman, 1949; Lundholm, 1949; Holmstedt, 1951; 
Douglas & Matthews, 1952; Barnes, 1953). 

_ The respiratory effects produced by two potent cholinesterase inhibitors, 
tetraethylpyrophosphate (TEPP) and isopropylmethylphosphonofluoridate 
(sarin) in doses which cause death within a few minutes of their administration 
have been investigated in some detail in the anaesthetized rabbit. Three 
aspects of respiration have been considered; (a) the respiratory drive from the 
respiratory centres, (6) modification of this at the neuromuscular junction, 
(c) changes in resistance to lung inflation. 


METHODS 


Rabbits varying in weight from 1-6 to 3-8 kg were anaesthetized with urethane (1-6-1-8 g/kg 
body weight, intravenously). The systemic blood pressure was recorded routinely from the femoral 
artery by means of a mercury manometer. Other techniques involved: 


Measurement of bronchomotor changes 


The chest was opened in the midsternal line, artificial ventilation being maintained by a Starling 
‘Ideal’ pump. In some experiments bronchomotor responses were measured by the method of 
Konzett & Rossler (1940) using a constant positive inflationary pressure which varied between 
65 and 100 mm water. In others they were measured by recording the tidal‘air of the animal 
under negative pressure ventilation (for details, see Daly & Mount, 1951). The conventional closed 
circuit respiratory system was used, the oxygen inflow being adjusted initially so that the limiting 
lines of the tidal air tracing were maintained horizontal. An upward or downward trend of the 
tracing therefore indicates an increase or decrease in oxygen consumption respectively. 
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The changes in tidal air volume in preparations under positive or negative pressure ventilation 
have beeni nterpreted as being mainly of bronchomotor origin. It is possible, however, that these 
changes are due in part to concomitant vascular effects (see Daly, Lamberteen & Schweitzer, 
1953; Daly & Wright, to be published). 


Contraction of the respiratory musculature 

The anaesthetized rabbit is for the most part a diaphragm breather, and extensive observations 
have not been made upon the intercostal musculature. Thoracic cage movements have been 
recorded by a simple lever system in some experiments and observed in others. Little or no 
difference has usually been discerned between intercostal and diaphragmatic movements. 
Records of diaphragm contractions have been obtained with the diaphragm slip preparation 
of Head (1889) using an isotonic or light isometric lever. Simultaneous recording of the move- 
ments of the sternum at the point of attachment of the diaphragm slip was made in some 
experiments. The magnification of the recording systems was identical so movements of the 
sternum can be directly subtracted from those of the slip as recorded. In other preparations the 
sternum was rigidly fixed at the point of attachment by a special clamp. In experiments in which 
simultaneous recordings of bronchomotor responses were made, the thorax was opened in the 
mid-sternal line from the manubrium sterni to the level of the fifth or sixth costal cartilage, 
allowing adequate exposure for the maintenance of an open pneumothorax without interfering 
with the blood supply to the slip preparation via the musculo-phrenic divisions of the internal 
mammary arteries. In some experiments diaphragm contractions were recorded by means of a 
simple bellows-tambour system. 


Intrapleural pressure 

This was measured by a sensitive Marey tambour connected to a 2 mm bore needle cannula 
inserted into the pleural cavity through the fifth right intercostal space. The pressure in the 
recording system was suitably lowered before cannulation and then the admission of a small 
amount of air or nitrogen allowed intrapleural pressure changes to be observed. 
Tidal air volume 

This was recorded in conjunction with the closed circuit respiratory system referred to above. 
A small, frontal writing, float recorder, designed by D. R. Wilkie (unpublished), was used as 
& spirometer. This has a linear characteristic and minimal inertia and is suitable for recording 
respiration which, in rabbits, is normally shallow and rapid. 


Nerve discharge. 

The activity of inspiratory neurones or pulmonary stretch afferents was sampled by recording 
action potentials from one or two fibres of the phrenic or vagus nerves. The third cervical root of 
the phrenic nerve is well suited for that purpose since its section only deprives the anterior one- 
third of the diaphragm on the same side of its nerve supply, and respiration is not significantly 
altered (Adrian & Bronk, 1928). The technique of nerve dissection was similar to that employed 
by these workers, Action potentials were picked up. by platinum electrodes under paraffin, 
amplified and displayed on the screen of a Cossor oscilloscope. 


Nerve stimulation 

In some experiments, the phrenic nerve was sectioned and the peripheral end stimulated in the 
neck under paraffin by means of silver/silver chloride electrodes connected to an electronic 
stimulator (Attree, 1950). 


Drugs 


_ The anticholinesterase drvgs used were isopropylmethylphosphonofluoridate (sarin)* (Holm- 
stedt, 1961) and tetraethylpyrophosphate (TEPP) (Albright & Wilson, Ltd.). They were given in 


* Supplied by an establishment of the Ministry of Supply. 
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aqueous solution via a cannula in the femoral vein. Atropine sulphate (B.D.H.), hyoscine hydro. 
bromide (Whissen and Son Ltd.) and magnesium sulphate (B.D.H.) were also used. All drugs 
were washed in by 3 ml. Locke’s solution. 
RESULTS 
Sarin and TEPP were used in doses of about 30-40 ng/kg and 400-450 pg/kg 
body weight respectively. These were doses that produced comparable re- 
sponses and otherwise the actions of the two drugs were not dissimilar under 
the conditions of our experiments. 


Fig. 1. Rabbit, 9, 2-96kg. Urethane. Negative pressure ventilation. Records of diaphragm 
slip, thoracic cage, extrapleural pressure, tidal air and blood pressure. At a, injection of 
30 wg/kg sarin, At 5, injection of 15 ug/kg sarin, At c and d, injections of 2 mg atropine. 
In this and in subsequent figures the following abbreviations are used: D.S.=diaphragm 
slip; Th. =thoracic cage; E.P.P. extrapulmonary pressure; I.P.P.=intrapleural pressure; 
T.A. =tidal air volume; V.0.V. = ventilation overflow volume; Ph. =diaphragm contraction ; 
B.P.=systemic blood pressure; | Insp. =<direction of inspiration. All injections are given 
intravenously. 
Experiments with open chest preparations 
In these experiments the artificially induced lung inflation caused a regular 
inhibition of the spontaneous inspiratory movements via the Hering-Breuer 
reflex, as seen in the first part of Fig. 1 taken at a fast drum speed. A more 
extensive relaxation of the diaphragm and thorax is obtained by this inhibi- 
tion than occurs between spontaneous inspirations. The muscles are therefore 
in a tonic state between spontaneous inspirations. 
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Sarin, or TEPP, caused profound effects in all preparations. Figs. 1 and 2 
show the results obtained in typical experiments, Within 20 sec of injection 
the diaphragm contraction rapidly declined and the muscular tone dis- 
appeared. Thoracic cage movements showed a similar pattern, but there 
sometimes intervened a transient inspiratory hypertonus (Fig. 1). Respir- 
atory movements then either failed completely or persisted at a low and 
functionally inadequate level. 


Fig. 2. Rabbit, 9, 2-04kg. Urethane. Negative pressure ventilation. Records of diaphragm 
slip, extrapulmonary pressure, tidal air volume and blood pressure. The sternum was 
rigidly clamped in position. At a and c, injections of 30yug/kg sarin. At 6, injection 
of 2 mg/kg hyoscine; at d, injection of 1 mg/kg hyoscine. 4 min elapsed between the 
two records. 


Very few seconds after the commencement of the response in the diaphragm, 
the blood pressure fell rapidly by about 40 mm Hg with cardiac slowing; 
there was a reduction in tidal air volume or an increase in ventilation overflow 
volume, This response developed to a maximum 1-5-2 min after the injection. 
In twenty-one experiments the average maximal reduction in tidal air volume 
was 31% (s.p. 14%). In all experiments, some spontaneous recovery of the 
tidal air volume occurred; it was found to be variable and in no case was it 
complete. 

The development of the above responses was accompanied by a decline in 
oxygen uptake and this is seen as a downward movement of the limiting lines 
of the tidal air volume tracing in Figs. 1 and 2. 
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Following the initial rapid fall in blood pressure there was usually some 
recovery of pressure, and then the bradycardia became more intense and 
cardiac arrest sometimes occurred. With the increasing bradycardia the blood 
pressure declined slowly to low levels. 


Experiments with closed chest preparations 


In these experiments the response produced by sarin and TEPP was not so . 


severe as that produced by an equivalent dose of anticholinesterase in the 
open chest preparations. After about 30 sec the blood pressure fell slowly by 
20-30 mm Hg with some cardiac slowing, and then, in spite of increasing 
bradycardia, the pressure recovered and sometimes exceeded its initial value. 


Fig. 3. Rabbit, 2, 3-09 kg. Urethane. Spontaneous respiration. Records of intrapleural pressure, 
tidal air volume and blood pressure. At a, injection of 35 ug/kg sarin. At b, injection of 
2 mg/kg hyoscine. 2} min elapsed between I and II. 35 min elapsed between II and III. 


Respiration showed either a single large inspiratory effort followed by 
inspirations at an increased rate and decreased amplitude, or simply a decline 
in tidal air volume without much change in rate (Fig. 3). The respiratory 
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minute volume and the oxygen uptake fell rapidly. Ventilation deteriorated 
progressively and, after 3 or 4 min, failed completely. The blood pressure fell 
and there was intense cardiac slowing. In a few preparations the effects were 
slowly reversed and spontaneous recovery occurred. In some preparations 


Fig. 4. Rabbit, g, 1-4 kg. Urethane. Spontaneous ventilation. Records of diaphragm slip, 
intrapleural pressure, tidal air volume and blood pressure. At a, injection of 30 ug/kg sarin. 
44 min elapsed between tracings I and II. 


respiration became erratic within a minute of the injection with single large 
inspiratory efforts separated by several small ones; the first inspiration follow- 
ing the large one was very small and succeeding ones increased in size. The 
small intermediate inspiratory efforts declined progressively ; the single larger 
ones were maintained (Fig. 4). 
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In all cases the fall in tidal air volume was accompanied by a corresponding 
diminution in the contractions of the diaphragm and of the intrapleural 
pressure changes (Fig. 3). There was usually a rise in the mean intrapleural 
pressure level, corresponding with the loss of tone in the inspiratory muscles 
described in the open chest experiments. Since the tidal air volume was 
measured in a closed circuit system the loss of tone caused a diminution in the 
mean lung volume and this accounts for the initial rapid downward trend of 
the limiting lines of the tidal air volume tracing seen in Fig. 3. This trend is 
therefore not due to a sudden large decline in the oxygen uptake. With the 
lower doses of the drugs the increase in the mean intrapleural pressure was 
sometimes preceded by a transient intercostal inspiratory hypertonus. In the 
experiment of Fig. 4 it was the cause of the shift in the level of the diaphragm 
slip tracing. 

The antagonism by atropine and hyoscine 

When atropine or hyoscine, in a dose of 2 mg/kg, was injected after poisoning 
with TEPP or sarin there was an acceleration of the heart and usually a rise 
in blood pressure. Respiratory movements recommenced at once, but were 
maintained at a smaller amplitude than originally (Figs. 1, 2). In the intact 
chest preparations the recovery of the tidal air volume and respiratory rate 
showed some variability (see Figs. 3, 5 and 8). After a period of 4-1 hr con- 
siderable hyperpnoea was usually present (Figs. 3, 5). 

The changes in the excursions of the intrapleural pressure and tidal air 
volume again followed each other in the preparations with intact chest, but at 
later stages of the recovery, the intrapleural pressure difference was usually 
somewhat greater than its original value, despite a diminished tidal air 
volume. Similarly, in the open chest preparations under artificial respiration, 
atropine and hyoscine decreased the resistance to lung inflation, but the tidal 
air volume did not return completely to its initial value. The persistence of an 
increased resistance to lung inflation is possibly due to bronchial secretion or 
pulmonary oedema. | 

Oxygen uptake recovered with the improved circulation and ventilation, 
but usually declined after a considerable time, often in spite of an increased 
respiratory minute volume. This was probably due to general deterioration of 
the preparations. 

In some of the spontaneously respiring preparations where asphyxia had 
been prolonged, atropine and hyoscine only produced a brief improvement in 
the circulation, and respiratory movements did not return. Artificial ventila- 
tion for less than a minute was then sufficient to start spontaneous respiration, 
and this was followed by recovery of the circulation. In these cases, therefore, 
the centres can be considered to have been depressed by asphyxia. 

Pre-treatment with atropine and hyoscine prevented the cardiac and bron- 
chomotor effects of the anticholinesterase drugs which then usually produced 
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a small rise in blood: pressure. The respiratory paralysis did not occur, and if 
adequate ventilation was provided, only a small depression of the diaphragm 
slip contractions was observed. A further injection of TEPP or sarin in- 
creased the depression of the respiratory movements. Similarly, in prepara- 
tions where the respiratory contractions had been restored by atropine after 
anticholinesterase poisoning, further TEPP or sarin depressed the contractions 


(Fig. 2). 
The phrenic discharge 

All recordings made from fibres of the phrenic nerve showed the same type 
of changes, with variations due only to the relative susceptibility of a prepara- 
tion to the dose of sarin or TEPP used, and to the resting discharge being 
studied. 

Some fibres showed a discharge at low frequency throughout all or part of 
the expiratory phase of respiration, and this is probably responsible for the 
tonic contraction of the diaphragm mentioned earlier in this paper. The 
discharge quickened to give the normal burst of impulses during inspiration 
(Fig. 6). 

After a dose of anticholinesterase the tonic discharge during expiration was 
reduced and then abolished early in the response; at the same time respiratory 
muscular tone was decreased. Then as the tidal air volume decreased the 
duration and mean frequency of the corresponding inspiratory discharge in 
the phrenic nerve increased. The relation between the tidal air volume and the 
discharge in a typical experiment is shown in Fig. 7 where the ordinates are 
plotted as percentages of their values before injection of sarin or TEPP. In 
several experiments, new fibres, inactive during eupnoea, were recruited 
during the development of the anticholinesterase response. 

The respiratory discharge in the intact animal is normally terminated 
reflexly via the stretch afferents from the lungs running in the vagus nerve— 
the Hering-Breuer reflex. If inflation of the lungs is impaired by defective 
action of the inspiratory muscles, and perhaps bronchoconstriction, the 
inhibitory discharge will be reduced in intensity and inspiratory activity 
prolonged (Adrian, 1933; Knowlton & Larrabee, 1946). 

Experiments were therefore carried out during which both cervical vagus 
nerves were sectioned. In these preparations, after treatment with the anti- 
cholinesterase, the decrease in tidal air volume was accompanied by either an 
immediate or a delayed decrease in discharge duration and mean frequency. 
In no case was an increase observed. 

In preparations with both carotid sinuses denervated and both aortic 
nerves cut the decrease in tidal air volume following the administration of the 
anticholinesterase was accompanied by an increase in the phrenic discharge 
(Fig. 9). The same effect was observed when in addition one vagus nerve was 
cut. The effect cannot therefore be due to a reflex mediated by these nerves. 


A. be 
q 
7 
4 
J 


60 P. G. WRIGHT 


Fig. 5. Rabbit, g, 2-28 kg. Urethane, Spontaneous respiration. Records of tidal air volume, 
blood pressure. At a, injection of 40 ug/kg sarin. At 6, injection of 2 mg/kg hyoscine. Other 
signals refer to photographs. 14 min elapsed between I and II. 5 min elapsed between II 
and ITI. 18 min elapsed between III and IV. 18 min elapsed between IV and V. 


+ 


Fig. 6. Same experiment as Fig. 5. Simultaneous record of discharge in one fibre of right phrenic 
nerve. The numbered discharges correspond to the numbered tidal air volume changes in 
Fig. 5. Time scale 100 msec. 1} min elapsed between I and II. 5 min elapsed between II and 
III. 18 min elapsed between III and IV. 18 min elapsed between IV and V. 
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Tidal air 


Percentage of basal values 
frequency Duration No. of impulses 
$8 So 


40 


Fig. 7. Same experiment as Fig. 6. Graph of tidal air volume, number of impulses per volley in 
a single fibre in the right phrenic nerve, duration of volley and mean frequency of the dis- 
charge. At + intravenous injection of 40 ug/kg sarin. ? indicates last discharge. 


Fig. 8. Rabbit, 9, 2-25 kg. Urethane. Spontaneous respiration. Both carotid sinuses denervated 
and both aortic nerves sectioned. Right cervical vagus trunk sectioned. Records of tidal 
air volume and blood pressure. At a, injection of 30 ug/kg sarin. At 6, injection of 2 mg/kg 
hyoscine. 4} min elapsed between I and II. (The downward excursion of the tidal air lever 
was impeded between the marks x x and is not a true record of expiration.) 
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These results show, therefore, that the increase in the duration of the 
phrenic discharge, during the decline in tidal air volume, is a reflex via the 
vagi and suggest that it is due to reduction in the efficiency of the inhibitory 
stretch afferent mechanism caused by the impairment of lung inflation. 

This conclusion is strengthened by the following experiments: 

(1) Records taken from single pulmonary stretch afferent fibres in the 
cervical vagus nerve during the development of the response to the anti- 
cholinesterases showed that as the tidal air volume decreased, the frequency 
of the afferent discharge fell and the bursts of impulses became longer in 


i 


Fig. 9. Same experiment as Fig. 8. Simultaneous record of discharge in three fibres of right 
phrenic nerve. The numbered discharges correspond to the numbered tidal air volume 
changes in Fig. 8. Time scale 100 msec. 4} min elapsed between I and IT. 


duration, Often a slow discharge continued when respiratory movements had 
ceased. This continuous discharge has not been investigated; it may be con- 
nected with bronchoconstriction (see Widdicombe, 1953), or with an action of 
circulating acetylcholine on pulmonary stretch endings. 

(2) A comparable degree of neuromuscular paralysis produced by the 
intravenous injection of 50 mg/kg of magnesium sulphate caused a decline in 
tidal air volume which was always accompanied by an increase in duration 
and frequency of the phrenic discharge. Identical results were obtained with 
the sinus and aortic nerves cut but after bilateral vagotomy the increase in the 
phrenic discharge no longer occurred. It is unlikely that the results obtained 
with magnesium can be attributed to a central effect because the central 
action of magnesium is depressant and occurs only with doses higher than the 
one used in these experiments (Engbaek, 1948). 

Following the phase of increased activity in the phrenic nerve caused by the 
anticholinesterase poisoning, the discharge declined. With smaller doses or in 
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less susceptible preparations, the decline was slower in onset and less rapid in 
development, but in other preparations and with larger doses, as in Fig. 6, the 
decline was rapid and soon complete. The discharge decreased in duration, 
decreased more in frequency, became fractional and erratic before ceasing 
completely ; recruitment of additional fibres sometimes occurred. When the 
accompanying asphyxia was not too severe this ‘disorganized’ phase some- 
times persisted for several minutes, but phrenic nerve activity eventually 
ended in all preparations. The change in tidal air volume followed the dis- 
charge throughout this stage. 

In one preparation in which TEPP had been given, an erratic type of 
respiration occurred. As described above, this consisted of a periodic single 
large inspiratory effort followed by transient depression of the immediately 
succeeding smaller ones (see Fig. 4). The single large inspiratory effort was 
accompanied by a slightly larger burst of impulses in the fibre under record 
and a discharge in an entirely new fibre which was otherwise inactive. The 
succeeding discharges in the first fibre became progressively depressed as the 
tidal volume became reduced. 

On some occasions small respirations occurred after complete cessation of 
discharge in the nerve fibre under record. Such an effect is seen in Figs. 5 and 
6, although here some of the tidal volume changes are cardiac in origin. It is 
not certain whether these inspiratory efforts were due to intercostal and/or 
diaphragmatic movements. 


The effects of atropine and hyoscine on the respiratory discharge 

Injections of 2 mg/kg atropine or hyoscine produced an almost immediate 
return of the respiratory discharge after poisoning with a cholinesterase in- 
hibitor (Figs. 6, 9). The discharge was usually subnormal for the first one or 
two inspirations after the injection and then became of normal or supernormal 
intensity. Activity in previously quiescent fibres was noted (Fig. 9). The 
discharge shortly approximated the resting discharge before treatment with 
the anticholinesterase, although it rarely became identical in all respects. 
Activity in recruited fibres usually disappeared. The tidal air volume changes 
accompanying the discharges varied initially, but when the regular respiratory 
pattern had developed the tidal air volume changes were less than before the 
anticholinesterase was given though the discharges were comparable in 
intensity (Figs. 8, 9). This probably indicates an increased resistance to 
inflation and/or impaired neuromuscular transmission. Furthermore, the 
shape of the recorded inspirations (see Figs. 5 and 8) is reminiscent of the 
response of a muscle to repetitive nerve stimulation after the injection of an 
anticholinesterase in which a large rapid initial twitch changes into a smaller 
ill-maintained tetanus. Subsequently the discharge does not alter much for 
periods up to half an hour, but the tidal air volume increases and the record 
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becomes of more normal shape (Figs. 5, 6). This could be due to some resolu- 
tion of neuromuscular block, although the actual shape of the muscular con- 
traction, and therefore of the tidal air volume record, will depend on the 
degree of asynchronism of the repetitive discharges in the nerve fibres of the 
motor nerve to the muscle, as well as upon conditions at the motor end-plates. 

Further doses of the anticholinesterase given after atropine or hyoscine do 
not produce effects comparable with their original ones, but depress ventila- 
tion by a peripheral action. Asphyxia then causes final paralysis of the centres. 
If the preparation is adequately ventilated, then large doses of anticholin- 
esterase are tolerated after atropine or hyoscine, though neuromuscular block 
is not prevented. In the experiment from which Fig. 10 is taken, the pre- 
paration was under positive pressure ventilation with the chest opened in the 


Fig. 10. Rabbit, 3, 253 kg. Urethane. Open chest and positive pressure ventilation. Record of 
discharge in two fibres of right phrenic nerve. Between the two records 15 min elapsed and 
2 mg/kg hyoscine followed by 2-4 mg/kg TEPP were given intravenously. 


mid-line. Action potentials were recorded from two nerve fibres in the right 
phrenic branch and the diaphragm contractions and blood pressure were also 
recorded. Fifteen minutes elapsed between the two records shown in the 
figure and during that time 2 mg/kg hyoscine followed by 2-4 mg/kg TEPP 
were given intravenously. The diaphragm contractions rapidly ceased but the 
insignificant effect of this large dose of anticholinesterase upon the inspiratory 
discharge under these conditions can be seen. 


Stimulation of the phrenic nerve 

Further evidence of neuromuscular block in the diaphragm produced by 
anticholinesterases and its resistance to atropine and hyoscine was obtained in 
preparations with open thorax and positive pressure ventilation. Both 
complete phrenic nerve trunks were sectioned in the neck and the peripheral 
ends stimulated by square pulses of 0-5 msec duration at a frequency (30- 
33/sec) within the observed natural frequency of discharge in the phrenic 
nerve of the rabbit during eupnoea. Each stimulation lasted 315 msec and was 
repeated 68 times/min thus simulating normal respiratory discharge, except 
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that in this case the discharge in all fibres was synchronous. Dia hragm 

con- 
_ traction was recorded and the stimulation, as expected, iO clonus not 
a smooth tetanus. Fig. 11 shows the effect of the injection of 30 pg/kg sarin in 
such a preparation. Neuromuscular block developed rapidly, The contraction 


Fig. 11. Rabbit, ¢, 2-6kg. Urethane. Positive constant pressure ventilation. Records of 
ventilation overflow volume, diaphragm contraction and blood pressure during intermittent 
repetitive stimulation of both phrenic nerves. Respiratory pump stroke volume 34 ml. At a, 
injection of 30 ug/kg sarin. 


changed in shape from a maintained clonus to the twitch-tetanus referred to 
above and typical of this type of neuromuscular block. On continued stimula- 
tion for an hour no increase of response was obtained. Atropine and hyoscine 
did not produce any reduction of block; on the contrary, they increased it 


slightly. 


5 PHYSIO. CXXVI 


| 
4 
4 
z 
a 
4 
4 
A 
3 
’ 
q 
4 
> 


66 P. G. WRIGHT 


DISCUSSION 


In the development of respiratory failure in the rabbit due to sarin or TEPP, 
there is failure at the neuromuscular junction, increased resistance to lung 
inflation and block of the respiratory centres. The latter effects are reversed by 
atropine and hyoscine but the effects on the neuromuscular junction are not 
antagonized. The neuromuscular block produced in the present experiments 
by TEPP and sarin in the rabbit diaphragm is similar to the block obtained 
by de Candole, Douglas & Spencer (1950) in corresponding experiments with 
TEPP. These authors, however, stimulated with supramaximal shocks for 
1 sec periods every other second at a frequency of 70/sec; a stimulus which is 
outside the range of the physiological discharge in the phrenic nerve. The 
profound block they observed might be the result of this intense stimulation 
and therefore might not give a true reflexion of the role of neuromuscular 
block in the respiratory paralysis obtained in the naturally breathing animal 
after TEPP, particularly since experiments by Douglas & Matthews (1952) in 
cats suggested that the degree of neuromuscular block depended on phrenic 
nerve activity. This objection does not apply to the neuromuscular block 
obtained in the present experiments in which the stimulation mimicked the 
natural discharge. | 

It has been suggested that the neuromuscular block produced by eserine, 
prostigmine and TEPP in the cat gracilis muscle is the result of maintained 
depolarization at the motor end-plate (Burns & Paton, 1951; Douglas & 
Paton, 1951). There is no reason to suspect that the block caused by TEPP and 
sarin in the rabbit diaphragm is of different origin. 

Adrian & Bronk (1928) concluded that, in the rabbit, the discharge in single 
fibres of the phrenic nerve was representative of the discharge in the whole 
nerve. Our observations have shown the close agreement between the dis- 
charge in a single fibre and the corresponding motor response (except im- 
mediately after the drug has been given) and it is felt that the discharges 
recorded in single fibres are representative of the discharges in the whole 
nerve trunk. It cannot be said that the single fibre records are directly 
representative of inspiratory centre activity because of possible action of the 
drugs at the motor neurone level in the spinal cord. Feldberg, Gray & Perry 
(1953) have shown that eserine has some action at this level. The increase in 
frequency and duration of the inspiratory discharge in the phrenic nerve 
which follows the injection of TEPP and sarin is not due to a direct central 
action of these anticholinesterases, since it is abolished by bilateral vagotomy. 
The reduced intensity of inhibitory discharge from the stretch receptors of the 
lungs during this phrase of enhanced phrenic discharge is probably responsible 
for it. Another possibility, not examined, would be an increase of activity in 
the respiratory excitant fibres running in the vagus as a result either of a direct 
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action of TEPP or sarin or circulating acetylcholine on the receptors. The 
decrease in phrenic nerve activity which follows the initial period of increased 
activity cannot be said with certainty to be independent of reflex mechanisms 
but more probably it is a central effect of TEPP and sarin. Blood pressure 
changes are not responsible for it, nor is the effect dependent on asphyxia 
because it occurred also during artificial ventilation. With the larger doses of 
TEPP and sarin this effect consisted of a rapid and complete suspension of the 
phrenic discharge; with smaller doses it resulted in a fractional and erratic 
discharge which persisted provided artificial ventilation was maintained. If 
artificial ventilation was suspended the central discharge soon ceased. 
Atropine and hyoscine prevent, or directly reverse, the central action of these 
cholinesterase inhibitors providing asphyxia of the centres is not too severe. 
When the centres remain depressed after the injection of these antagonists 
a very short period of artificial ventilation restores function. 

It is assumed that the central depressant action of sarin and TEPP is due to 
inhibition of cholinesterases, i.e. accumulation of acetylcholine. This is in 
agreement with the central depressant action of other anticholinesterases and 
acetylcholine, which like that of TEPP and sarin is antagonized by atropine 
and hyoscine. 

Acetylcholine and anticholinesterases are known to produce in cats and dogs 
a prolonged, centrally induced, secondary hyperpnoea following the initial 
depression (Schweitzer & Wright, 1938; Gesell & Hansen, 1943). This secondary 
hyperpnoea may have its counterpart in the prolonged hyperpnoea observed 
in the rabbit poisoned by sarin or TEPP followed by atropine. Gesell & 
Hansen (1943) also describe in dogs after smaller doses of eserine and acetyl- 
choline, a period of irregular respiration similar to that observed in the 
present experiments with smaller doses of TEPP and sarin in rabbits. In their 
experiments vagal block restored normal respiration and they concluded that 
the inhibitory stretch reflex was concerned in the production of the irregular 
respiration. This, however, cannot be the full explanation because at least in 
one of the present experiments in which the preparation was bilaterally 
vagotomized a similar irregularity was observed after TEPP. In an experi- 
ment, with the vagi intact, where irregular respiration occurred the nerve 
recording showed that the large inspiration involved the recruitment of an 
otherwise inactive fibre as well as some increase in discharge in the other fibres. 

The increased resistance to lung inflation caused by TEPP and sarin in the 
present experiments on rabbits is small in comparison with that seen in the 
dog (Dayrit, Manry & Seevers, 1948; Daly & Wright, to be published) or cat 
(Daly & Wright, unpublished observations) under similar conditions. Since 
comparable doses of the cholinesterase inhibitors produce large changes in 
left auricular pressure (Holmstedt, 1951; Daly & Wright, to be published), it is 
not possible to say how much of the increased resistance to lung a -eeg 
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observed was due to bronchoconstriction and how much to pulmonary con- 
gestion (von Basch, 1889; Biilbring & Whitteridge, 1945; Daly & Wright, to be 


published). Bronchoconstriction undoubtedly plays a part as shown in experi- | 


ments involving the use of isolated perfused lungs (Green, McKay & Krop, 
1947; Daly, to be published). 

All three factors, neuromuscular block, central depression and increased 
resistance to lung inflation affect the tidal air volume. The increase in re- 
sistance to lung inflation is so small that it can only play a minor role in the 
changes in tidal air. The initial decline in tidal air volume following the 
administration of sarin or TEPP is accompanied by an increase in the dis- 
charge in the phrenic nerve, and must therefore be due to neuromuscular block 
which will tend to be enhanced by the increased discharge. In experiments in 
which the central depressant action of TEPP and sarin is prevented by atro- 
pine or hyoscine the neuromuscular paralysis depresses lung ventilation 
sufficiently to cause death. In the experiments in which the central depressant 
action of sarin or TEPP is allowed to manifest itself, it contributes to the 
observed decrease in tidal air volume and central failure is the cause of the 
cessation of pulmonary ventilation. 

When central failure had occurred and atropine or hyoscine was given 
immediately so as to restore respiratory movements the tidal air volume was 
found to be less than for a comparable nerve discharge before giving the 
anticholinesterase. The tidal air volume increased slowly over the next half an 
hour without a similar change in nerve discharge. This finding suggests 
recovery of function at the neuromuscular junction with time. If the original 
lesion at the neuromuscular junction is due to inactivation of cholinesterase, 
and recovery implies regeneration or synthesis of cholinesterase, then this 
occurs more rapidly than is suggested by the experiments of Berry & Lovatt 
Evans (1951) on the rat phrenic diaphragm preparation in vitro. 

Two possible causes may be responsible for the finding that TEPP and 
sarin were more effective in animals under artificial ventilation with bilateral 
pneumothorax than in those breathing spontaneously. In preparations under 
positive pressure ventilation the cardiac output may be considerably reduced 
(see Daly et al. 1953) thereby increasing the susceptibility to the drugs. 
Secondly, unless the lungs are prevented from collapsing completely during 
expiration when ventilated artificially, the discharge in the phrenic nerve is 
prolonged and this will lead to an exacerbation of the neuromuscular block. 


SUMMARY 


1. The intravenous administration of the potent cholinesterase inhibitors, 
tetraethylpyrophosphate or tsopropylmethylphosphonofluoridate, produces 
respiratory failure in the anaesthetized rabbit which involves neuromuscular 
block, central depression and increased resistance to lung inflation. 
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2. Impairment of neuromuscular transmission occurs first, causing con- 
siderable depression of the respiratory minute volume. The decline in tidal air 
volume produced mainly by a partial neuromuscular block is accompanied 
initially by an increase in the duration and mean frequency of the inspiratory 
discharge in the phrenic nerve which is unaffected by cutting the sinus and 
aortic nerves or by pretreatment with atropine or hyoscine. It is, however, 
abolished by bilateral vagotomy and is probably due to the Hering-Breuer 
reflex. 

3. The failure of the central mechanism of respiration immediately follows 
the initial phase of increased inspiratory discharge in the phrenic nerve and 
may be complete or incomplete. 

4. The increase in resistance to lung inflation is small when compared with 
that produced in the dog and cat by comparable doses of anticholinesterase. 
It is probably due in part to bronchoconstriction. 

5. Atropine and hyoscine do not relieve the neuromuscular block. A degree 
of spontaneous recovery occurs with time. 

6. Atropine and hyoscine restore the discharge in fibres of the phrenic 
nerve after paralysis of the centre caused by the anticholinesterase so long as 
the degree of asphyxia is not too great. In preparations pretreated with these 
antagonists, central failure is prevented until neuromuscular block depresses 
respiration to such an extent as to cause considerable asphyxia. Then artificial 
respiration will again restore the activity of the centres. 
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Note added in proof. Since this paper was written, a paper has appeared (de Candole, Douglas, 
Evans, Holmes, Spencer, Torrance & Wilson (1953), Brit. J. Pharmacol. 8, 466-475) in which 
similar conclusions are reached and in which reference is made to this work. 
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THE INOSITOL CONTENT OF FOETAL BLOOD AND 
FOETAL FLUIDS 


By J. D. CAMPLING ann D. A. NIXON 
From the Physiology Department, St Mary's Hospital Medical School, 
London 


(Received 4 March 1954) 


Inositol is a hexahydroxycyclohexane and is one of the family of nine isomers. 
Meso-inositol (the 


Te omer would appear to be the predominant 


isomer met with both in the plant and animal kingdoms, and in this paper 
inositol will refer to the meso-isomer in all cases. In nature it exists in both 
a free and a combined form (the chief combined form being phosphatides and 
phytin) from which the free inositol may be liberated by acid hydrolysis for 
6 hr with 50%, v/v, HCl (Platt & Glock, 1943), and the resulting inositol 
estimated as the free substance. The previously determined free inositol 
subtracted from the value found after hydrolysis (total inositol) gives the 
combined inositol. 

The presence of inositol in foetal blood was first indicated by Offergeld 
(1906) using a polarimetric method of detection. He found that whereas 
inositol was present in the human foetal blood it was absent in that of the 
mother and suggested that its origin was by foetal synthesis. Partridge (1948), 
using paper chromatography, demonstrated the presence of inositol in a 
pooled sample of foetal sheep blood; Bacon & Partridge (personal communica- 
tion) estimated that the sample contained 27 mg/100 ml. of blood. 

In the present work investigations have been carried out on the occurrence 
of free inositol in the maternal and foetal blood and the allantoic and 
amniotic fluids of several mammalian species in an attempt to ascertain 
whether there is a correlation of inositol concentration with foetal age, and to 
obtain further evidence of the suggested foetal synthesis. A preliminary 
account of these findings has been given by Nixon (1952). 


Inositol determination 

All samples were estimated for inositol by a microbiological technique involving the yeast 
Kloeckera brevis. The turbidity due to the growth of this micro-organism is dependent upon the 
amount of inositol present, and in its absence no measurable growth occurs. Assays were carried 
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out in a medium based upon that of Burkholder, McVeigh & Moyer (1944). These authors sug- 
gested the possible use of this micro-organism and medium in the estimation of inositol. Emery, 
McLeod & Robinson (1946) successfully used the method in determining inositol in yeast and liver 
extracts. Northam & Norris (1952) reported the use of KX. brevis in the assay of inositol in cereals 
and cereal products and discussed the statistics of the method. 

Woolley (1941) showed that the other isomers of inositol and similar related substances were 
ineffective substitutes for meso-inositol in yeast. 

The addition of crystalline meso-inositol to human blood, which was subsequently deproteinized 
and assayed by the method reported here, gave a 100% recovery. Further, it has been shown that 
cerebrospinal fluid subjected to paper chromatographic separation gives a growth-promoting 
eluate to K. brevis only in the region corresponding in position to that occupied by the inositol 
control (Nixon 1953). 

The composition and preparation of the medium used was as follows: 

Solution I, Glucose 40-00 g; potassium dihydrogen phosphate 3-00 g; DL-asparagine 4-00 g; 
calcium chloride (6H,O) 0-98 g; magnesium sulphate 1-00 g; potassium iodide 0-4 ml. of a 0-05% 
(w/v) solution; ammonium sulphate 4-00 g; dissolved in 750 ml. of glass distilled water. 

Solution II. Boric acid 0-10 g; zinc sulphate (7H,O) 0-04 g; ammonium molybdate 0-02 g; 
manganese sulphate (4H,O) 0-04 g; copper sulphate (5H,O) 0-045 g; ferrous sulphate (7H,0) 
0-25 g; made up to 1 1. in glass distilled water. 

Solution III. Thiamine 10 mg, pyridoxine 10 mg, calcium. pantothenate 10 mg, nicotinic acid 
10 mg, biotin 1 ml. of 1 mg % solution and riboflavin 0-5 mg, made up to 100 ml. with glass- 
distilled water. 

A double-strength medium was made consisting of 750 ml. of solution I, 2 ml. of solution II, 
and 4 ml. of solution III, the reaction being adjusted with NaOH to pH 5-0 and the volume made 
up to 11. Sterilization was carried out by autoclaving at 15 Ib. for 15 min. 

Into numbered 26 ml. narrow screw-capped bottles were dispensed 2-5 ml. quantities of the 
double-strength medium. Volumes of 0-5, 1-0, 1-5, 2-0 and 2-5 ml. of the solution under assay 
were pipetted into bottles in duplicate and the volumes in each case made up to 5 ml. with 
glass-distilled water. With each batch of assays a standard curve was obtained using 0-0, 0-25, 
0-5, 0-75, 1-0, 1-5, 2-0 and 2-5 ml. of a 2yg/ml. inositol solution. All bottles were auto- 
claved and when cool, planted with 1 drop of freshly prepared suspension of KX. brevis in 
0-9% NaCl solution. Incubation was carried out at 25° C for 72 hr after which the turbidities 
were measured in a Spekker absorptiometer using a neutral filter (H 508). The amount of 
inositol present in the varying dilutions was found by interpolation on the constructed standard 
curve. In an estimation of a solution of known strength the standard deviation of the results was 
5% of the mean on twenty estimations. All assays were made on specimens after deproteinization 
with sodium hydroxide and zinc sulphate. 


Operative technique 

Blood samples were received into vessels containing dry heparin. 

Human. Samples of foetal blood were withdrawn from the umbilical cord, whilst the maternal 
blood samples and those of the controls were obtained from the ante-cubital veins. 

Except in one case, amniotic fluid was not obtained from the individuals supplying the blood 
samples since it was essential that the fluid should be as far as possible uncontaminated with 
extraneous material. 

Maternal blood, foetal blood and amniotic fluid samples were obtained from patients in the 
Maternity Departments of St Mary’s and University College Hospitals. 

Sheep. The animals were Welsh Mountain Sheep of known conceptual age. Laparotomy was 
carried out according to the technique of Huggett (1927) under spinal anaesthesia with procaine. 
Maternal blood samples were obtained from the dorsalis pedis artery, foetal blood samples from 
one of the four vessels of the umbilical cord and amniotic and allantoic fluids by the puncturing 
of the respective sacs. 
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Monkey, cat, rabbit and goat. No account of the number of foetuses per litter has been taken, 


since in the case of the rabbit and cat an adequate specimen was only obtained after cardiac 
puncturing several members of the litter. 


Neonatal blood samples, Cat and rabbit. Samples were removed by cardiac puncture under ether 
anaesthesia. 


Plasma samples and haematocrit determinations. Estimations were made on plasma obtained by 
centrifuging heparinized blood at 3000 rev/min for 30 min. Haematocrit determinations were also 
done on heparinized blood under the same conditions as above. 


RESULTS 
Human material 

Control bloods and plasma. The free inositol in the whole blood and plasma of a 
group of healthy young adult males and non-pregnant females was determined. 
For whole blood the mean value was found to be 0-59 mg/100 ml., with a range 
of 0-40-0-84, while for plasma the mean value was 0-47 mg/100 ml. with a 
range of 0-30-0-64 (Table 1). The values obtained for plasma are in close 
agreement with the findings of Sonne & Sobotka (1947). 


TaBLE 1. Inositol concentrations in the adult human whole blood and plasma 


Cale. 
corpuscular Ratio: 
Whole blood Plasma Haematocrit content plasma/ 

Sex (mg/100 ml.) (mg/100 ml.) value (mg/100 ml.) corpuscle 

M. 0-44 — — 

M. 0-66 0-64 45-0 0-69 0-93 

M. 0-48 0-32 53-4 0-62 0-52 

M. 0-78 0-63 47-6 0-94 0-67 

F. 0-66 — 

F, 0-50 0-42 44-0 0-61 0-69 

F, 0-58 0-50 43-2 0-69 0-72 

F, 0-40 0-30 45-1 0-53 0-57 
Mean 0-59 0-47 — 


Haematocrit values, together with the whole blood and plasma concentra- 
tion, enabled the corpuscular content of the cells and hence the plasma/ 
corpuscle concentration ratio to be determined. Owing to the small concentra- 
tions met with in human blood and plasma, and bearing in mind the limits of 
accuracy of the microbiological assay technique, the values obtained for the 
plasma/corpuscle ratio are sufficiently near unity to suggest that free inositol 
is equally distributed between plasma and corpuscles (Table 1). 

Maternal and foetal bloods and amniotic fluid at term. The foetal blood had 
approximately twice the concentration of the maternal blood with means 
respectively of 1-6 and 0-7 mg/100 ml. The respective ranges were 1-1-2-8 and 
0-5-0-8. In the amniotic fluid the concentration lay between the two blood 
levels with a mean of 1-0 mg/100 ml. and a range of 0-6-1-6 (Table 2). 

Terminated pregnancies. Six cases of therapeutic abortion between the first 
and sixth month of pregnancy were examined. Samples of blood were obtained 
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from only five foetuses, but all gave higher inositol values than full-term foetal 
blood, although there was considerable individual variation. Pregnancies were 
terminated either on psychological grounds or because of severe tubercular 
infection of the mother. 

Samples of amniotic fluid were obtained in three of these cases. Two gave 
results well above the normal range of concentration at full term and the third 
was at the bottom of the full-term range (Table 3). 


Taste 2. Inositol concentrations in human maternal and foetal bloods and amniotic fluid 


at full term 
No, of Mean 
specimens § (mg/100 ml.) (mg/100 ml.) 
Maternal blood 12 0-7 0-5-0-8 
Foetal blood 14 1-6 1-1-2-8 
Amniotic fluid 7 10 0-6-1-6 


Tasiz 3. Terminated human pregnancies, free inositol concentrations 


Foetal age Foetal blood Foetal plasma Amniotic fluid Urine 
(weeks) (mg/100 ml.) (mg/l00 ml.) (mg/l00ml.)  (mg/100 ml.) 
16 5-0 9-4 
18 11-2 2-6 
16-20 3-4 3-4 0-7 4-2 
22-24 5-6 — _ 5-4 
TasLz 4. Human multiple births, free inositol concentrations in mg/100 ml. blood 
Twins I 21 1-9 
Twins II 31 21 
Twins III 43 —* 
Twins IV 16 146 
Triplets 156 21 2-2 
* Foetus dead. 


Samples of urine were obtained in three cases direct from the foetal bladder, 
and in two of these the concentration was of the order of that found in the 
foetal blood. In the third case it was lower than in foetal blood. 

Multiple births. The examination of foetal blood from twins at birth appeared 
to indicate that a higher concentration was present than in singletons (Table 4). 


Sheep material 
Singleton pregnancies. From. Table 5 it will be seen that while the maternal 
blood inositol concentration remains constant throughout the latter portion 
of the gestation period, and is comparable with the levels found in non- 
pregnant ewes and rams (mean 1-09 and 1-55 mg/100 ml. respectively), that 
of the foetal blood shows considerable variation both with the period of gesta- 
tion and among individuals of similar conceptual age, the mean value obtained 


for the foetal bloods over the whole period examined being 19-0 mg/100 ml. 
(range 10-0-31-0 mg/100 ml.) 
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tal Taste 5. Sheep values—free inositol concentrations in singletons 
Maternal Foetal Amniotic Allantoic 
Foetal age blood blood fluid fluid 
Sheep no. (days) ml.) (mg/100 ml.) (mg/100 ml.) (mg/100 ml.) 
517 43-45 (cal.) 14 23-2 5-6 170 
ve 541 61 1-4 27-4 5-4 9-3 
rd 525 72 1-0 15-8 0-6 10-8 
9 11-0 2-4 74 
513 90-95 (cal.) 20 — 12-5 14-4 
506 96 4 16-0 6-0 9-0 % 
522 100 0-6 15-0 70 8-0 
529 100 1-4 10-0 5-0 5-0 
503 106 1-4 14-0 6-0 11-0 
531 110 16 25-0 70 16-0 
532 110 1-8 10-8 6-6 8-1 
510 110 146 21-4 77 12-3 
527 110 15 214 6-3 13-0 
518 | 110 2-7 22-8 6-7 16-7 
535 lll 13 19-8 4-0 14-0 
509 120 18 15-8 8-3 72 
523 120 21-4 45 15-5 
515 120 2-1 16-4 70 13-4 
502 130 2-2 25-4 
528 134 18 310 20-1 20-8 
539 134 20 16-0 12-4 12-8 
512 137 = 18-4 6-4 21-9 
514 140 2-3 _ 11-2 110 
Mean 1-6 19-0 71 12-5 
Range 0-6-2-7 10-0-31-0 0-6-20-1 5-0-21-9 
Foetal plasma. Foetal plasma gave a mean value of 17-9 mg/100 ml. with 
a range of 11-0-26-4. The plasma/corpuscle concentration ratios were approxi- 
mately unity, and it would appear that in the foetal sheep, free inositol was 
in equilibrium between corpuscles and plasma from 100-day gestation onwards 
(Table 6). 
- Tasiz 6. Inositol concentrations in the whole blood and plasma of the foetal sheep 
Calc. 
| Ratio 
Foetal age blood Plasma Haema- content plasma 
7 Sheep no. (days) (mg/100 ml.) (mg/100 ml.) tocrit (mg/100 ml.) 
504 77 110 15-0 34 3-2 4-7 
506 96 16-0 20-0 39 9-7 2-1 
522 100 15-0 17-0 42 12-1 1-4 
503 106 14:0 16-0 40 10-0 16 
527 110 21-6 26-4 38 13-7 1-9 
| 518 110 22-8 21:8 45 24-0 0-9 
| 535 111 19-8 37 195 1-0 
509 120 15-8 15-2 41 16-6 0-9 
; 515 120 21-4 23-4 41 18-5 1-3 
502 130 9-0 11-0 48 6-9 1-6 
438 135 13-0 11-5 45 14-9 0-8 
Because of the difficulty in some species of obtaining sufficient blood for 
determination of inositol in plasma, and the observation that in human and 
foetal sheep blood the concentration in whole blood and plasma was of the 
same order all subsequent determinations were carried out on whole blood. 
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Values obtained for the allantoic fluid appear to follow somewhat those of 
the foetal blood. The amniotic fluid indicates a similar trend and shows a 
statistical correlation of concentration of inositol to foetal age (P<0-01). The 
equation of the regression line is given by y= —2-524+0-09172, where y is 
inositol concentration in mg/100 ml. and z is foetal age in days. 

Twins. Assays carried out on two sets of twins (Table 7) showed that the 
foetal blood inositol concentration is higher than that of singletons (P < 0-01). 
This result compares with similar observations on human twins referred to 
above. The inositol levels of the amniotic and allantoic fluids in twins are also 
higher than for singletons. 


TaBLE 7. Sheep values—free inositol concentrations in twins 


Foetal Maternal Foetal Amniotic Allantoic 
age blood blood fluid fluid 
Sheep no. (days) (mg/100 ml.) (mg/100 ml.) (mg/100 ml.) (mg/100 ml.) 
533 120 4-2 34-2 113 36-0 
37-0 22-0 60-1 
537 134 2-0 37-2 23-3 55-2 
25-6 29-1 80-0 


TaBLe 8. Free inositol concentrations (mg/100 ml.) in some mammalian species 


Foetal age § Maternal Foetal Amniotic Allantoic 
Species (days) blood blood fluid fluid 
Monkey 140? 0-8 (plasma) 3-6 (plasma) 18 
Cat 47 3-4 22-6 8-2 52-6 
Cat 52 2-5 16-4 27:2 
Rabbit 9 3-2 
Rabbit 20 1-7 — 30-3 161-2 
Rabbit 22 3-1 13-9 198 139-5 
Rabbit 24 1-1 16-4 18-4 191-5 
Rabbit 26 2-7 9-6 23-6 67-0 
Rabbit 30 0-8 3-2 1-9 — 
Goat 80 0-5 34-0 7-3 8-0 
Goat 138 11-9 2-8 17-1 
Goat (twins) 144 3-5 3-1 2-8 21-3 
4-2 2-5 21-2 


Monkey, cat, rabbit and goat 
The results summarized in Table 8 confirm the general observation that the 
inositol concentration in the foetal blood exceeds that in the maternal blood 
in the same species. The concentration in the allantoic fluid was found to 
exceed that of the amniotic fluid, and in all cases but one was considerably 
higher than that of foetal blood. Of particular note is the high concentration 
in the allantoic fluid of the rabbit. | 
Only one pair of foetal goat twins was examined, and the blood inositol 
concentrations were lower than those found in singletons of younger gestation 
ages. No singleton of comparable age was examined. 
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Blood inositol concentrations after birth 
By assaying blood removed by cardiac puncture at various intervals from 
birth in new-born kittens and rabbits, it was found that the concentration in 
the blood fell, reaching maternal concentrations within 14 days of birth, as is 


shown in Figs. 1 and 2. (The low value in the rabbit on the first day was 
probably due to the inability to obtain an adequate blood sample.) 


@ 
al 
Days post-partum 
Fig. 1. Kitten. Free inositol concentration in blood obtained at intervals during the 
first 28 days post-natal life. 
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Inositol (mg/100 ml. blood) 
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4 
Days post-partum 
Fig. 2. Rabbit. Change in inositol concentration of rabbit blood during the first 23 days 
post-natal life. 
Origin of the foetal blood inositol 


Inositol present in the foetal blood could have its origin in three ways: 
(i) maternal transfer via the placenta; (ii) placental synthesis; (ili) synthesis 
within the foetus itself. 
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(i) Maternal transfer. The maternal blood inositol concentration of the ewe, 
when experimentally elevated, was shown to be without any significant effect 
upon the concentration found in the foetus. Similarly, raising the level in the 
foetal blood had only slight effect on the concentration present in the maternal 
blood. These findings are shown in Table 9, which summarizes the results of two 
experiments in which inositol solutions were injected into a maternal vein and 
the umbilical vein respectively. From these experiments it is inferred that the 
placenta, at least in this species, is impermeable to inositol transfer in the 
direction mother to foetus and negligible in the reverse direction. 


TaBLE 9. Placental permeability in the sheep towards inositol 


Ewe to foetus Foetus to ewe 
‘Maternal Foetal Maternal Foetal 
blood blood blood blood 
‘Time (min) (mg/100 ml.) (mg/100 ml.) (mg/l00 ml.) (mg/100 ml.) 
0 2-0 21-4 1-4 10-8 
10-5 g inositol to ewe 6-0 g inositol to foetus 
+ 30 91-8 20-1 1-5 474-0 
+ 90 47-6 20-3 1-7 328-0 
+150 20-4 2-6 270-0 
+210 17-3 19-8 3-0 210-0 
+270 — _ 2-9 182-0 


Taste 10. Sheep. Perfusion of placenta in situ via the umbilical vessels, the foetus being 
replaced by a Henry-Jouvelet pump. Foetal age 115 days. | 
Time from commencement Mg free inositol/100 ml. 


of experiment (min) 

Initial 78 
+ 7-4 
+ 30 . 8-0 
+ 45 8-0 
+ 60 8-0 
+ 75 78 

90 78 
+105 7-4 
+120 7:7 
+150 77 
+180 77 
+210 6-7 
+240 6-7 


(ii) Placental synthesis. By substituting a Henry-Jouvelet pump for the 
foetus and making repeated assays on the circulating blood in the reservoir 
(primed with maternal blood to give an adequate circulatory volume), it was 
shown that the concentration of free inositol remained constant over a period 
of 4 hr (Table 10). The initial value was lower than normal due to dilution by 
the maternal blood added to the reservoir. The perfusion pressure was main- 
tained throughout the experiment at about 55 mm Hg with a blood flow of 
about 90 ml./min. The placenta was free from oedema as judged by visual 
observation and by the constant haemoglobin content of the reservoir blood. 
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Further evidence that the placenta was undamaged in a physiological sense 
was obtained by estimating the fructose concentration in the re-circulating 
blood. This rose from 82 to 144 mg/100 ml. over the 4 hr period, and agreed 
well with other such experiments (Alexander, Andrews, Huggett, Nixon & 
Widdas, 1952). 

(ii) Foetal synthesis. No direct experimental evidence has been obtained on 
this point. 

DISCUSSION 

Inositol is present in the normal adult blood, foetal blood, amniotic and 
allantoic fluids of all species examined. Pregnancy does not result in a detect- 
able difference in the concentration of inositol found in the adult blood. There 
is no correlation between the concentration in maternal and foetal bloods, and 
experimentally increased concentrations in foetal or maternal blood do not 
result in its demonstrable passage across the placenta. The concentration in 
the amniotic fluid is on the average higher than in the foetal blood. The same 
applies to allantoic fluid (in non-primates) when compared with amniotic fluid. 
Without more knowledge of the physiology and origin of these fluids it is not 
possible to make deductions as to the significance of these differences in 
concentration. 

Our experiments have shown that the high foetal blood inositol concentra- 
tion is not due to maternal transfer via the placenta or to placental synthesis. 
The excess inositol must therefore be produced by the foetus, but the processes 
involved are not yet known. 

Although inositol has been known since 1850 and is widely distributed 
throughout the plant and animal kingdoms, its function within the living 
organism, apart from its fairly well-established action as a lipotropic agent 
(MacFarland & McHenry, 1948), is still undecided. Several facts have 
emerged within recent years which suggest that it may play some part in the 
growth of tissues. The concentration in young tissues of both plants and animals 
is higher than those of the mature organism. Smith (1951) has expressed the 
view, based upon observations in the micro-organisms Nematospora gossypii 
and Saccharomyces carlsbergensis, that inositol may be a structural component 
of the cells, since he has demonstrated that in these organisms inositol occurs 
in a form resembling phytin (the Ca-Mg hexaphosphoric acid ester of inositol), 
also that when grown in a medium deficient in inositol cell division appears to 
be incomplete. Laszlo & Leuchtenberger (1943) showed that injections of 
inositol into mice with transplanted carcinomas retarded the growth of the 
tumour, although Ritchey, Wicks & Tatum (1947) found that in such careci- 
nomas there was a rise in the inositol content when compared with normal 
tissue. Tatum, Ritchey, Cowdry & Wicks (1946) have, however, found no 
significant changes in inositol content of methylcholanthrene-induced carci- 
nomas. Inositol has been shown to be capable of removing the metaphase 
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arrest induced by y-hexachloro-cyclohexane or colchicine (Chargaff, Stewart & 
Magasanik, 1948). 
SUMMARY 

1. The free meso-inositol concentrations have been estimated in the maternal 
and foetal bloods and foetal fluids of man, monkey, sheep, goat, cat and rabbit 
with the constant finding that the concentration in foetal blood and fluids 
exceeds that present in the maternal blood of the same species. 

2. After birth, the blood concentration of inositol in the cat and rabbit 
drops, reaching maternal levels within the first 2 weeks. 

3. Experiments described have failed to demonstrate placental transfer or 
placental synthesis of inositol. 
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and Dr C. A. B. Clemetson of University College Hospital for human blood samples. Grants to 
Prof. A. St G. Huggett from the Agricultural Research Council and the Medical Research Council 
defrayed some of the expense. 

REFERENCES 
ALexanpeR, D. P., Anprews, R. D., Huecett, A. St G., Nrxon, D. A. & Wippas, W. F. (1952). 
Placental production of glucose and fructose in the sheep. J. Physiol. 118, 58P. 


BurxHotper, P. R., MoVuicn, I. & Moyer, D. (1944). Studies on some growik factors in yeast. 
J. Bact. 48, 385-391. 


Cuanear?, E., Stewart, R. N. & Macasanig, B. (1948). Inhibition of mitotic poisoning by meso- 
inositol. ‘Science, 108, 556-558. 

Emery, W. B., McLzop, N. & F. A. (1946). 
members of the vitamin B complex in yeast and liver extracts. B art Sa 


Hvuaeertt, A. St G. (1927). Foetal blood-gas tensions and gas throu placenta of 
the goat. J. Physiol, 62, 373-384. - 


Laszio, D, & LevucHTenBEerGeR, C. (1943). Inositol a tumour growth inhibitor. Science, 97, 515. 


MacFarianp, M. L. & MoHenry, E. W. (1948). Further observations on the lipotropic need for 
inositol. J. biol. Chem. 176, 429-434. 


Nrxon, D. A. pene The a of inositol in the foetal blood and fluids of several mammalian 
species. J. Physiol. 117, 7 
Nrxon, D. A. (1953). The aa of inositol in the cerebrospinal fluid. J. Physiol. 119, 18P. 


NorruaM, B. E. & Norris, F. W. (1952). A microbiological assay of inositol: its development, 
and statistical analysis. J. gen. Microbiol. 7, 245-256. 


OFFERGELD (1906). Ueber das Vorkommen von Kohle-hydraten im Fruchtwasser bei Diabetes 
der Mutter. Z. Geburtsh. Gyndk. 58, 189-229. 
Parrrines, 8. M. (1948). Filter- partition of sugars. (I) General descrip- 


tion and application to the qualitative analysis of sugars in a juice, white and foetal 
blood Biochem. J. 42, 238-248. 


Pe ee E. (1943). Estimation of inositol in animal tissues. Biochem. J. 37, 


Rrironey, M. G., Wicks, L. F. & Tatum, E. L. (1947). Biotin, choline, inositol, p-aminobenzoic 
acid and vitamin B, in transplantable mouse carcinomas and in mouse blood. J. biol, Chem. 


Surra, R. H. (1951). A study of the role of inositol nutrition of Nematospora gossypii and Saccharo- 
myces carlsbergensis, J. gen. Microbiol, 5, 772-780. 


Sonng, 8. & Soporsa, H. (1947). Inositol content of blood plasma. Arch. Biochem. 14, 93-96. 
E. L., M. G., Cowpry, E. V. & Wicks, L. F. (1946). Vitamin content of mouse 


methylcholanthrene carcinogenesis. (I) Biotin, choline, inositol, p-amino- 
J. biol. Chem. 163, 675-681. 


betes: v" D. W. (1941). A study of the biological specificity of inositol. J. biol. Chem. 140, 


81 


J. Physiol. (1954) 126, 81-85 
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| Previous workers have investigated the activity of the thigh muscles in main- 
taining the upright position in humans, but there are some criticisms of their 
observations, Often the number of subjects investigated is not stated or 
appears to be inadequate, and frequently the posture is not fully defined. 
Akerblom (1948) stated that he studied twenty-three subjects, but he did not 
define accurately the posture used and omitted to investigate the muscles 
of the back of the thigh with the electromyograph. He found that the quadri- 
ceps extensor was usually inactive and suggested that the hamstrings actively 
resist the effect of the body weight unless the knee joints are fixed in maximum 
extension, in which case the ligaments of the knee joint passively limit exten- 
sion. Kelton & Wright (1949) defined the posture studied, but investigated 
only two subjects in both of whom they found no activity in the thigh muscles. 
Floyd & Silver (1950) neither defined their ‘standing position’ nor stated the 
/ number of subjects investigated. They referred to ‘a certain position of com- 
fortable stance’ in which activity in the thigh muscles is ‘practically zero’ and 
to ‘bursts of flexor and extensor muscle activity’ which corrected deviations 
from this comfortable position. Goff (1952) found that the hamstrings showed 
activity if the subjects were ‘standing at ease’ with the feet close together, but 
that this activity ceased if the feet were placed 14 in. apart. He gave no 
indication of the number of subjects investigated. 


| MATERIAL AND METHOD 


The amplifier used was similar to that already described (Joseph & Nightingale, 1952), except that 

_ the noise level was reduced to approximately 15 nV peak to peak, the minimum detectable 

_ amplitude being about 25 1V peak to peak. Brass suction electrodes 12 mm in diameter were used, 

| and a large earthed pad was strapped to the ankle of the limb studied. The site of attachment of 

each electrode was prepared by rubbing with Cambridge Jelly. 
Fourteen males aged 19-24 years were investigated and three standard postures, as described 

in a previous paper (Joseph & Nightingale, 1952) were used : (1) standing at ease, (2) standing with 
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weight mainly on right limb, and (3) standing with weight mainly on left limb. In some subjects 
additional investigations were made in order to study the effects of shifting the line of weight in 
relation to the knee joints. These subjects were asked (1) to raise their arms forwards at the 


shoulders, and (2) to sway at the ankle joints from the stand at ease position forwards, backwards _ 


and forwards again to the original position. The extensor quadriceps muscle was investigated by 
attaching one electrode over the vastus lateralis and the other over the vastus medialis about 3 cm 
above their lower muscular borders, which were defined by actively pulling the patella upwards. 
This arrangement made it possible to pick up the activity from either or both muscles simul- 
taneously. The hamstring muscles were investigated by attaching one electrode over the medial 
hamstrings (semimembranosus and semitendinosus) and the other over the lateral hamstring 
(biceps femoris) about 3 cm above the beginning of their tendons. When studying the effect of 
raising the arms the electrodes were attached to the medial and lateral hamstrings and when 
studying the effects of swaying, to the lateral hamstring and vastus lateralis. 

A calibration signal of 120 nV peak to peak, 300 o/s and the noise level of the amplifier with 
input grids earthed were recorded. Recordings were obtained from the front and back muscles of 
the right thigh in the three postures described above and also with the muscles relaxed. Recordings 
were also made of the effect of raising the arms forwards and of swaying at the ankle joints. 


RESULTS 
Table 1 shows the number of subjects from whom detectable potentials were 
recorded. Even in these subjects the potentials were usually small and infre- 
quent. In the case of the quadriceps, marked potentials were found in all 


TaBLE 1. Number of subjects (out of fourteen) showing potentials in right quadriceps (RQ) 
and right hamstrings (RH) in three standard postures (see text) 


Standing Weight on Weight on Total 
Muscle at ease right limb left limb investigated 
RQ 2 4 4 14 
RH 3 5 4 14 


positions in one subject and in the non-weight-bearing limb in another. In the 
case of the hamstrings, two subjects showed marked potentials in the weight- 
bearing limb and one in the non-weight-bearing limb. Representative records 
of apparent absence of activity in the muscles investigated are shown in 
Fig. 1B, C. The oscillations on these records are not regarded as potentials due 
to contraction of the underlying muscles, since their contraction for weight 
bearing would produce easily detectable potentials (see beginning and end of 
records in Fig. 3). It may be suggested that since only one site for the elec- 
trodes was used, potentials could have been picked up from other sites over 
the muscles investigated. In some of the subjects many positions for the 
electrodes were used and no detectable potentials were found. Another possible 
criticism is that activity in a deep part of the muscle was missed. This is 
regarded as unlikely since in a further series of twelve subjects in which a much 
greater amplification was used (to be published), no muscle potentials were 
detected. 

In seven subjects, raising the upper limbs forwards at the shoulder without 
altering the posture of the rest of the body, produced, in all cases, marked 
potentials from the hamstrings at about 15° of flexion (see Fig. 2). Apparently 
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the movement of the upper limbs produces a shift forwards of the centre of 
gravity, and this causes a detectable contraction of the hamstrings. These 
potentials were present while the arms were held forwards for a continuous 
period of 2 min and only decreased and disappeared if the subject readjusted 
his line of body weight by swaying backwards, 


120 uv] msec 
100 


Fig. 1. A (base-line), recording from relaxed quadriceps extensor; B, quadriceps, 
stand at ease; C, hamstrings, stand at ease. 


Fig. 2. Recording from hamstrings; effect of raising upper limbs forwards 
at shoulders without altering position of the rest of body. 


In seven subjects, the effect of swaying at the ankles without altering the 
posture of the rest of the body showed that, as the body swayed forwards, the 
hamstrings became active. As the body swayed backwards, the potentials dis- 
appeared and beyond a certain point, the quadriceps contracted (see Fig. 3). 


DISCUSSION 


Since ten out of fourteen subjects studied showed no potentials from the quadri- 
ceps and hamstring muscles, it is apparent that most subjects stand at ease 
without any detectable activity in these muscles. The explanation for this is 
that in this position of the body the line of weight usually falls in front of the 
centre of the knee joints. The weight of the body above the knee is supported 
by structures other than the hamstrings and these structures may be the liga- 


ments of the knee joint or the gastrocnemius, in those subjects in whom that 
6-2 
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muscle can be shown to be active (Joseph & Nightingale, 1952), or both. The 
popliteus appears to be excluded by the investigations of Barnet & Richardson 
(1953). If, however, the line of weight falls behind the centre of the knee 
joints the quadriceps contracts to prevent flexion at the knee and this explains 
why some subjects show potentials from this muscle. The subject who showed 
marked potentials from the quadriceps when non-weight bearing, was seen to 
hold the non-weight bearing limb in a position of flexion at the knee with the 
quadriceps contracted. 


— 


9 sec 10 11 


Fig. 3. Sections of recording of 11 sec duration from vastus lateralis and biceps femoris simul- 
taneously, showing effect of swaying at ankle joints from stand at ease position. A, recording 
from relaxed quadriceps extensor (base-line); B, secs 1 and 2, swaying forwards, showing 
marked potentials from biceps femoris; C, secs 7 and 8, while swaying backwards, no muscle 
potentials (this absence of potentials lasted 5 sec); D, secs 10 and 11 after swaying backwards 
beyond a certain point, marked potentials from vastus lateralis. 


That some subjects showed marked potentials from the hamstrings while 
standing on the recording limb is due to the fact that in changing from the stand 
at ease position to standing with the weight mainly on the recording limb, the 
line of weight can be shifted forwards sufficiently to cause the hamstrings to 
contract. This shift of weight forwards is similar to the effect produced by 
raising the arms forwards and by swaying forwards, both of which activities 
are associated with marked potentials from the hamstrings. Probably this is due 
to the shifting forwards of the line of weight in relation to the hip joints. When 
the line of weight falls in front of the hip joints, the hamstrings contract to 
prevent flexion at the hips. This contraction of the hamstrings will, of course, 
assist the ligaments of the knee joints to support the body weight at the knees. 
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It is possible that the contraction of these muscles is primarily for the latter 
purpose, but this is unlikely. 

Akerblom’s (1948) work confirms this explanation. He found that in twenty- 
three subjects standing comfortably and symmetrically the gravity line was in 
front of the centre of the knee joints, the mean value being 1-6 + 0-2 cm. Only 
in one subject did the gravity line fall consistently behind the centre of the 
knee joint. In ten subjects, he found that the gravity line fell behind the 
centre of the hip joints except in one case in whom it passed through the centre 
of the hip joints. 

SUMMARY 


1, Using the electromyograph, it can be shown that in standing at ease or 
in a limb which is mainly bearing the weight of the body, the thigh muscles, 
both front and back, do not produce detectable potentials. In these postures 
some of the ligaments of the knee joint support the body weight. 

2. Shifting the line of the body weight forwards causes the hamstrings to 
contract in order to prevent flexion at the hip joints and shifting it backwards 
causes the quadriceps to contract to prevent flexion at the knees. 
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THE RELATIONSHIP OF THE VASOMOTOR AND 
RESPIRATORY REGIONS IN THE MEDULLA 
OBLONGATA OF THE SHEEP 


By E. C. AMOROSO, F. R. BELL anp H. ROSENBERG 
From the Department of Physiology, Royal Veterinary College, London, N.W. 1 


(Received 23 March 1954) 


That the reticular formation of the medulla oblongata controls the respiratory 
and vasomotor systems has been established experimentally. Many investiga- 
‘ions have aimed at delimiting the medullary respiratory centres (Cordier & 
Heymans, 1935; Pitts, 1946), but fewer attempts have been made to define 
exactly medullary regions which influence vasomotor activity (Monnier, 1941; 
Alexander, 1946). The relationship of vasomotor and respiratory responses 
elicitable from the medulla oblongata by direct electrical stimulation has 
received little attention. Pitts, Magoun & Ranson (1939), in their study of 
respiratory centres in the cat, comment upon the independence of respiratory 
and vascular responses, since any locus which produced a respiratory response 
failed to show a simultaneous vasomotor response. 

This paper describes the results of experiments in which the medulla ob- 
longata of sheep was explored systematically and both respiratory and vaso- 
motor responses were recorded. The results show an anatomical relationship of 
the respiratory and vasomotor regions, but the function of the two systems 
appears to remain largely independent. 


METHODS 
Scottish Blackface sheep, weighing 20-44 kg under thiopentone sodium anaesthesia were used. 
Following fixation of the head in a head holder the posterior part of the skull was removed to 
expose the cerebellum which was removed by gentle suction. The flow of cerebrospinal fluid 
provided adequate irrigation of the fourth ventricle. Respiration was recorded by connecting 
the cannulated trachea to a closed circuit spirometer. Blood pressure was recorded from a carotid 
artery with a mercury manometer. 

The electrodes were carried by a stereotaxic instrument (Rosenberg & Tindley, 1949) which 
offers micrometer movement in three planes and allows the vertical axis to be tilted if required. 
The bipolar electrodes were constructed from electrolysis needles (Hawkins and Co. Ltd.) having 
@ maximum diameter of 0-23 mm and tapering to a fine point. Each needle was coated with 
cellulose lacquer leaving a length of 0-25 mm or less of the tip exposed. The twin electrodes were 
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mounted to leave a gap of 0-2 mm or less between the tips. The insulation of the electrodes was 
always tested before use. 

The stimuli were evenly spaced, brief make and break shocks of alternating polarity ( Rosenberg, 
1948). The optimum stimulus proved to be 8-3 V at a frequency of 252 stimuli/sec (Bell, 1950). 
As a rule the test stimulus was maintained for 15 sec. It has been estimated that this stimulus 
affects a volume of tissue of about 0-5 mm? (Bell, 1950; Amoroso, Bainbridge, Bell, Lawn & 
Rosenberg, 1951). 

After the experiment the brain was fixed in 10% formol saline and the relevant part of the 
brain stem sectioned serially. The sections were stained by Weil’s method and the individual 
needle tracts identified microscopically so that the points of stimulation could be correlated with 
the effects recorded. 


Respiratory responses 


The nature of the respiratory responses obtained on stimulation showed great 
variation. These have been discussed in detail already (Bell, 1950; Amoroso, 
Bell & Rosenberg, 1951). It is necessary here to report briefly the disposition 
of the maximal responses, i.e. sustained inspiratory and expiratory apnoeas, 
so that they can be compared with the vasomotor responses from the same 
locus. 

Maximal responses are restricted to the medulla oblongata from the region 
of the acoustic tubercle to just caudal to the calamus scriptorius. Furthermore, 
within the medulla the respiratory responses are confined to the medial and 
lateral reticular formation between the periventricular nuclei dorsally and the 
inferior olivary nuclei ventrally. The region of respiratory responses can be 
separated into two divisions, one of inspiratory and the other of expiratory 
activity. 

The maximal inspiratory responses begin rostrally at about the cephalad 
limit of the inferior olivary nucleus and extend throughout an area in the 
ventro-medial reticular formation overlying the inferior olive to a level 1 mm 
behind the obex. At its rostral limit the inspiratory region occupies a thin 
layer above the inferior olive but it gradually widens posteriorly until at the 
obex it extends through the whole depth of the median reticular formation. , 
The maximal expiratory responses begin at the level of the acoustic tubercle and 
are disposed laterally and dorsally to the inspiratory region, extending to the 
lateral reticular formation, but disappear just behind the obex. 


Vasomotor responses 

A great variety of vasomotor responses were obtained from various areas of 
the medulla. Examples of typical responses are illustrated in Figs. 1 and 2. 
Rise of pressure to 200 mm Hg and fall of pressure to 80 mm Hg were found 
during the experiments, but pressor reactions occurred more frequently than 
depressor reactions. 

As a rule pressor reactions were associated with an increased heart rate, 
more especially when the rise in pressure was maximal or near maximal. Much 
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less frequently pressor responses together with slowing of the heart rate were 
produced, but they were usually submaximal. Depressor responses generally 
occurred with slowing of the heart. 

Vascular reactions began with the onset of stimulation or after a short latent 
period, the delay being very short when the response was maximal. On cessa- 
tion of stimulation the vasomotor reactions showed a rapid return to the 
normal resting level of about 100 mg Hg. 


Fig. 1. Variation of vasomotor response when medullary inspiratory region is stimulated at 
252/sec and 8-3V. Records from above downwards, carotid blood pressure, respiration 
(inspiration represented by upstroke of spirometer), period of stimulation, time marker 
shows 5 sec intervals. 


Maximal pressor responses were first encountered 9 mm rostral to the obex, 
at the level of junction of the pons and medulla, being confined to an area in 
the ventral half of the medulla occupying the lateral reticular formation 
between the medial aspect of the facial nucleus and the descending fascicles of 
the abducens nerve. This area of maximal response has a fringe of submaximal 
and minor responses which extend medially in the medial reticular formation 
as far as the midline. Pressor responses of over 60 mm Hg are met with 
occasionally adjacent to the median raphe. 

More caudally the number of maximal pressor points increases and at the 
level of the acoustic tubercle, although the grouping is still concentrated in the 
lateral reticular formation, two wings of responsive tissue pass medialwards to 
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the midline. The dorsal projection is situated along the floor of the fourth 
ventricle and the ventral projection overlies the corticospinal tracts somewhat 
cephalad to the anterior limit of the inferior olivary nuclei. At this level 
depressor responses of small magnitude begin to appear but are confined to the 
dorso-medial and lateral aspects of the pressor region. 

At a level some 1-2 mm behind the anterior limit of the inferior olive, maxi- 
mal pressor responses become less frequent, so that depressor responses pre- 
dominate 2 mm rostral to the obex. The depressor reactions are grouped mainly 
in the medial third of the reticular formation, as a column which extends from 
the floor of the fourth ventricle to the inferior olive ventrally and bounded 
laterally by the fascicles passing from the hypoglossal nuclei. The pressor 
responses noted at this level are mainly of intermediate degree and continue 
to be grouped in the lateral reticular formation. 

At the caudal pole of the inferior olive, about 4 mm posterior to the obex 
only minor depressor responses occur from loci in the dorsal half of the reticular 
formation. At this level the position of pressor responses of 60 mm occupies 
the same position in the ventral lateral reticular formation as at more on 
levels, 


The interrelations of respiratory and vascular responses 

Plotting the areas of the medulla which show respiratory reactivity and 
those regions which show vasomotor response shows that both are restricted 
almost exclusively to the reticular formation, extending from the acoustic 
tubercle rostrally to a level just behind the obex caudally. The areas showing 
maximal expiratory reactions, and the areas showing maximal pressor reactions, 
occupy the same general position in the lateral reticular formation. The regions 
which yield inspiratory reactions on stimulation also include the regions of the 
medulla just rostral to the obex from which depression of the blood pressure is 
obtained. 

The correlation of respiratory and vascular responses is not absolute since 
a variety of combinations of vasomotor and respiratory responses can be 
observed. Inspiratory apnoeas with variations in the accompanying blood 
pressure responses ranging from a marked rise to a marked fall, and sometimes 
no change, were seen. 

Fig. 2 illustrates examples of synchronous expiratory and vasomotor re- 
sponses, The expiratory responses may be associated with many types of 
vasomotor responses, e.g. hypertension, hypotension and absence of blood 
pressure changes. Examples of expiratory reaction together with depression 
of the blood pressure were rare, only very few such dual responses being 
obtained throughout the series of experiments. Respiratory reactivity without 
alteration of blood pressure seldom occurred when the reticular formation 
above the rostral half of the inferior olivary nuclei was stimulated, but anterior 
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to this region pressure responses without significant respiratory reactions were 
noted frequently. | 

Thus the anatomical disposition of the respiratory regions and the cardio- 
vascular regions show a partial interlocking, the pressor region and the expira- 
tory region occupying the dorsal and lateral reticular formation, the inspiratory 
and depressor regions both being included in the medial reticular formation 


Fig. 2. Variation of vasomotor response when medullary expiratory region 
is stimulated at 252/sec and 8-3 V. 


(Fig. 3). The spatial correspondence of respiratory and vascular areas of the 
medulla is, however, not complete. For example, the dorsal extension of the 
depressor region at its caudal limit to the floor of the fourth ventricle is not 
seen in the inspiratory centre. Furthermore, the inspiratory loci extend more 
rostrally than the depressor region, but the area of expiratory response is less 
extensive than the pressor region. 

That the blood pressure and respiratory responses are functionally inde- 
pendent is illustrated in Fig. 4. This figure shows vascular and respiratory 
reactions to stimulation at successive intervals, as the electrodes passed ven- 
trally in stages of 1mm. It can be seen that although at each level the 
respiratory response remains constant as a maximal inspiratory apnoea main- 
tained tonically for the duration of the stimulus, the blood pressure traces 


show variations from a marked hypertension to a slight fall in blood 
pressure. 
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Fig. 3. The interrelationship of vasomotor and respiratory regions illustrated on projection 
drawings of the sheep medulla. The levels of the transections are indicated in millimetres with 
reference to the obex as zero. Vasomotor regions are shown on the left side of the diagrams 
and respiratory regions on the right. Depressor region—fine stippling; pressor region—cross- 
lines; inspiratory region—ocoarse stippling; expiratory region—vertical lines. R, restiform 
body; VII, facial nucleus; CS, corticospinal tract; MVN, medial vestibular nucleus; 
SVN, spinal vestibular nucleus; /O inferior olivary nucleus; S, solitary tract and nucleus; MX, 
dorsal motor nucleus of vagus; H, hypoglossal nucleus; ACN, accessory cuneate nucleus; 
C, cuneate nucleus; AP, area postrema; NV, spinal nucleus of trigeminal; V, spinal tract of 
trigeminal. 
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Fig. 4. Variation in blood-pressure response associated with almost similar maximal inspiratory 
apnoea. The four consecutive records were obtained during the ventral passage of the elec- 
trodes in stages of 1 mm. Stimulus 8-3 V at 252/sec. 


DISCUSSION 


The areas of the myelencephalon of the sheep which yield vasomotor effects 
agree in general with those regions of vasomotor activity shown by previous 
workers in other species. The sheep, like the cat (Wang & Ranson, 1939), shows 
a region in the reticular formation of the rostral third of the medulla where 
pressor reactions of large magnitude predominate. In the middle third of the 
medulla the pressor responses decrease in magnitude and become confined to 
the lateral reticular formation. At this level maximal fall of pressure occurs 
when the medial reticular formation is stimulated electrically. Depressor 
reactions are produced outside the reticular formation at the caudal end of the 
fourth ventricle, for here stimulation of areas adjacent to the dorsal motor 
nucleus of the vagus and the hypoglossal nuclei are responsive. This dorsal 
margin of the depressor region corresponds to the position of the depressor 
point in the floor of the fourth ventricle of the cat shown by Ranson & 
Billingsley (1916). 

In general, the delimitations of cardiovascular regions in the cat and sheep 
are in good agreement with regard to maximal responses. Wang & Ranson 
(1939) and Alexander (1946), using different methods of electrical stimulation, 
obtained comparable results in defining myelencephalic areas showing vaso- 
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motor activity in the cat. Alexander used brief condenser discharges with 
a peak intensity of 8 V at a frequency of 200/sec for routine stimulation. This 
conforms fairly closely to the stimuli used in the present experiments on the 
sheep. 

Electrical stimulation of the medulla to localize reactive regions might be 
criticized since in the intact animal the responses produced could possibly be 
effected by the intra-medullary stimulation of afferent, efferent or internuncial 
fibres. However, since maximal responses are restricted to certain well-defined 
regions, it would indicate an excitation of a complex of closely related neurones. 
Pitts et al. (1939) have demonstrated that identical results are obtained by 
stimulation of the respiratory regions in the intact animal and animals in 
which the glossopharyngeal and vagal nerves had been sectioned intra-cranially 
2 weeks before the experiment. They showed also that decerebration and 
chronic hemisection of the cervical cord and pons do not affect the response 
when the medullary respiratory regions are stimulated. These results revealed 
by stimulation indicate neuronal groupings in the regulation of respiration. 

For similar reasons it is permissible to adopt the same technique for the 
localization of analogous regions controlling the cardiovascular system. That 
this is the case has been shown by Alexander (1946), who demonstrated that 
extirpation of the pressor region in the cat produced a reduction in blood 
pressure and loss of tonic activity in the inferior cardiac nerve. In addition, 
he found that impulses from the depressor region tonically inhibit the spinal 
cardiovascular centres. The cardiovascular centres localized by stimulation in 
both the sheep and the cat thus appear to be functional entities. 

The relationship between the cardiovascular and respiratory centres has not 
been studied in any detail by previous workers. Pitts et al. (1939) state that 
the respiratory and vascular responses obtained by stimulating the medulla 
of the cat are independent. As evidence they publish two tracings of simul- 
taneous records of respiration and blood pressure on stimulation of the inspira- 
tory and expiratory regions. They suggest that the minimal cardiovascular 
effects seen may be explained on the basis of mechanical obstruction or as 
responses to increased carbon dioxide tension in the lungs. In addition they 
state that the anatomical disposition of the respiratory region differs con- 
siderably in extent and location from that shown earlier by Wang & Ranson 
(1939). 

mr some areas of the reticular formation, especially in the middle third of 
the medulla, show interspersed respiratory and vascular loci is apparent in the 
sheep. It is evident that the effects of stimulation are independent of one 
another since the grade of vasomotor response does not depend upon the 
nature of the respiratory response. In the sheep all combinations of respiratory 
and vascular responses can be produced by stimulating the medulla, and since 
the vascular effects vary from point to point while the respiratory effect 
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remains constant, it appears that in certain regions the respiratory and vaso- 
motor cell groups are intermingled. This statement also probably holds good 
for the so-called inspiratory and expiratory half-centres, for spike potentials 
of both types can be recorded in close proximity with microelectrodes in the 
cat and rat (Amoroso et al. 1951). On exploration with stimulation localiza- 
tion is not strict, i.e. maximal responses demonstrate only regional prevalence 
of one or another neurone type. That vasomotor and respiratory neurones are 
interspersed in the same confines completely refutes the concept of circum- 
scribed centres in the reticular formation of the medulla oblongata. Here the 
structural arrangement suggests diverse neuronal pools which, according to 
circumstance, may or may not function independently. 


SUMMARY 
1. The myelencephalon of the sheep was explored with stimuli from bipolar 
electrodes carried by’a stereotaxic instrument, the respiratory and vasomotor 
responses being recorded. The optimal stimulus of 8-3 V at 252 stimuli/sec was 
used 


2. Respiratory responses can be evoked on stimulation of the reticular 
formation of the medulla oblongata between the levels of the acoustic tubercle 
rostrally to the obex caudally. 

3. Maximal inspiratory responses occur when the medio-ventral reticular 
formation above the inferior olive anterior to the obex is stimulated. Maximal 
expiratory responses were elicited dorsal, anterior and lateral to the inspiratory 
region. 

4. Vasopressor responses of large magnitude predominate in the reticular 
formation of the rostral third of the medulla, but in the middle third they 
decrease in magnitude and become more restricted to the lateral reticular 
formation. 

5. Depressor responses are confined to a medial area extending 1-2 mm 
anteriorly from the obex. This reactive field includes not only part of the 
medial reticular formation, but also part of the periventricular grey matter. 
6. The areas of cardiovascular and respiratory reactivity to electrical stimuli 
show considerable overlapping. 

7. The relationship of cardiovascular and respiratory responses shows that 
the neurones of these systems are not separable into anatomical entities, 
although the function of each system remains independent. 


We are grateful to the Central Research Fund of the University of London for a grant which 
aided this work. | 
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THE INTESTINAL ABSORPTION OF AMINO-ACID 
ENANTIOMORPHS 


By D. M. MATTHEWS anv D. H. SMYTH 
From the Department of Physiology, University of Sheffield 
(Received 2 April 1954) 


Gibson & Wiseman (1951) showed that when amino-acids were injected into 
the lumen of the intestine of the rat, the L-enantiomorph disappeared at 
a faster rate than the p-enantiomorph, and they postulated a stereochemically 
specific mechanism for the absorption of L-amino-acids. In support of this, 
Clarke, Gibson, Smyth & Wiseman (1951) showed that L-amino-acids also 
disappeared faster than p-amino-acids from the Thiry-Vella loop in the-dog. 
and Wiseman (1953) showed with an im vitro technique that L-amino-acids 
could be transferred by the intestine against a concentration gradient, 
whereas D-amino-acids. could not. While these experiments furnish strong 
evidence for the existence of a stereochemically specific mechanism for 
absorption of amino-acids from the intestine, they fail to supply any informa- 
tion about the concentration of the D- and L-amino-acids in the blood stream 
during absorption, and the present work was undertaken to investigate this 
aspect of the problem. Preliminary accounts of the results have been given 
by Matthews & Smyth (1952, 1953). 


METHODS 


The experiments were done on cats anaesthetized with pentobarbitone sodium. The carotid 
artery was cannulated by the procedure described by Crampton & Smyth (1953), which enables 
blood to be collected from or introduced into the carotid artery with simultaneous measurement 
of the blood pressure. A loop of the intestine was selected near to the caecum and spread out so 
that the arterial and venous supply could be inspected. A part of the intestine drained by a 
suitable vein was chosen, and this section of intestine was cannulated, washed out with warm saline 
(0-9% NaCl) and tied off at each end. The vein draining the loop was now prepared for cannulation 
without any interference with the blood flow. There was thus an isolated section of intestine about 
30 cm long with intact blood supply, and so arranged that on cannulation of the vein draining the 
loop, the blood from this section of the intestine could be collected. The loop of intestine was 
arranged on a heated plate and protected with a Perspex cover, so that it could be kept at a 
temperature of 37° C, moistened with saline and inspected during the experiment. 

The animal was then heparinized and the blood pressure measured in the carotid artery. Blood 
(30-50 ml.) was withdrawn from the carotid artery till the blood pressure had fallen to about 
50 mm of mercury. The object of this was to reduce the rate of blood flow. Although this must 
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produce some degree of anoxia in the intestine it will be seen from the results that preferential 
absorption of L-amino-acids is still possible under these conditions. The intestinal vein already 
prepared was now cannulated and the blood from this collected. After collection of a preliminary 
sample, the amino-acid to be investigated was injected in neutral solution into the lumen of the 
isolated section of the intestine, and blood samples were collected from the venous cannula at 
subsequent intervals. During this period the blood pressure of the cat was maintained at about 
50 mm by re-injection of some of the blood which had been withdrawn. This procedure enabled 
samples to be collected for about 20-30 min after the introduction of amino-acids into the 
intestine. In some experiments samples of arterial blood were also collected from the carotid 
cannula. The length of the intestinal loop and its distance from the ileo-caécal valve were then 
measured approximately and the wet and dry weights of the loop determined. The plasma was 
analysed for p- and L-amino-acids by the techniques described by Gibson & Wiseman (1951). 

For estimations of D-amino-acid it was found convenient to store the powdered kidney enzyme 
in sealed evacuated ampoules (1 g of dry powder per ampoule), and kept in this way in the deep 
freeze, the enzyme retains its activity indefinitely. In a few experiments the intestine was cooled 
with ice-cold saline. The temperature inside the lumen of the intestine was recorded. 


RESULTS 
The amino-acids investigated were DL-alanine (six experiments), DL-leucine 
(two experiments) and p.i-phenylalanine (two experiments). Results of 
representative experiments are given in Table 1. 


TaBLeE 1. Transfer of p- and L-amino-acids from the intestine into the blood stream 


Volume Amino-acid in plasma 
injected — 
Concen- into Period of Total Absorbed 
tration intestine collection (umole/ml.) (mole/ml.) L/D 
Amino-acid (ymole/ml.) (ml.) (min) D L D L ient 
Alanine 10 Prelim. 0 4-2 
5-10 2-59 18:8 2-59 14-6 5-6 
10-15 3-22 189 3-22 14-7 4-6 
15-20 2-23 16-4 2-23 12-2 5-5 
20-25 2-32 16-1 2-32 11-9 5-1 
Phenyl- 61 15 Prelim. 0 3-8 
alanine 10-15 3-84 13-2 3-84 9-4 2-4 
15-25 340 117 3-40 79 2-3 
Leucine 130 20 Prelim. 0 3-7 -- 
0-5 1-25 8-4 1-25 4-7 3-8 
10-15 3-57 159 3-57 12-2 3-4 
15-20 4-20 15-7 4-20 12-0 2-9 
20-25 4-82 160 482 12-3 2-6 


The preliminary sample is the one collected before injection of the amino- 
acid, and for subsequent samples the period of collection is given as minutes 
after the beginning of the injection of the amino-acid into the lumen of the 
intestine. Usually the first sample after injection was discarded and not 
analysed. The last five columns refer to D- and L-amino-acid in the plasma. 
By the total amount is meant the absolute quantity of D- or L-amino-acid 
estimated in each sample, and the amount absorbed is the difference between 
the amount in the preliminary sample and the amount in subsequent samples. 
In the preliminary samples, no D-amino-acid is present, but a certain quantity 
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of Neurospora-reacting substance is always found. This is mainly due to amino- 
acids normally present in the blood. Examination by paper chromatography 
of plasma from blood samples taken during absorption showed that nearly all 
the amino-acid present in the plasma was the one introduced into the intestine. 

The last column in the table gives the relation between the amount of 
L-amino-acid absorbed and the amount of D-amino-acid absorbed, assuming 
none is metabolized, expressed as the L/D quotient. In all cases the quotient 
is greater than unity, showing that the L-enantiomorph is absorbed much more 
rapidly into the blood stream than the p-enantiomorph. Crampton & Smyth 
(1953) have produced evidence that the rates of diffusion of D- and L-alanine 
are of the same order, and thus the more rapid rate of absorption of the 
L-enantiomorph must be due to a selective stereochemically specific process in 
the intestinal mucosa. 


Effects of temperature on rates of absorption 

Some experiments were carried out to extend the observations of Crampton & 
Smyth (1953) and also to test the effect of temperature on the L/D quotient of 
the amino-acid absorbed in vivo. These in vivo experiments in which the 
intestine was cooled in situ were complicated by the fact that a lowering of 
temperature caused a great reduction in the movement of both enantiomorphs. 
For this reason and because of other technical difficulties referred to later it 
was not found possible to make a very detailed study of the effects of tempera- 
ture. Alanine was the only amino-acid studied, and the experiments were 
restricted to showing that at lowered temperatures the L/p quotient of the 
absorbed amino-acid approached unity. 

In vivo experiments. With the preparation described above it was possible 
to reduce the temperature inside the lumen of the loop of intestine and that of 
its venous blood to about 5° C. This degree of lowering, however, caused an 
excessive reduction of blood flow, and a temperature of about 10° C was found 
more suitable. The ideal procedure in an experiment of this kind would be 
(1) to collect a preliminary sample of blood at 37° C before injection of the 
amino-acid, (2) to collect a sample at 37° C, after injection of the amino-acid, 
(3) to cool the intestine and collect a sample after cooling, (4) to re-warm the 
intestine and collect a final sample. This procedure was unfortunately not 
possible as the cat was being continually bled out, and cooling and re-warming 
the gut required a considerable time. The following simplified procedure was 
therefore used. The preparation was made in the usual way up to the com- 
pletion of the arrangements for cannulating the intestinal vein. As soon as 
the vein was cannulated, cooling was started and thus the preliminary sample 
was obtained during cooling. When a temperature of about 10° C was reached 
the racemic mixture was injected into the intestine and the collection of 
a second sample commenced. In a few experiments a third sample was taken 
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after an attempt to re-warm the gut. Table 2 gives the results of two repre- 
sentative experiments. This table shows that on cooling the intestine the L/D 
quotient of the absorbed alanine tends to approach unity. In one experiment 
included in Table 2 there was some evidence of recovery of the preferential 
absorption of the L-enantiomorph, when the gut was re-warmed. 


TaBLE 2. Effect of temperature on the L/p quotient in vivo 


Total amino-acid acid absorbed 
2 at time o ml. ml, 
(°C) D L D L L/D 
1 —20 0 3-04 
After injection of 10 ml. 14 121 491 1-21 1-87 15 
alanine (370 umole/m!.) 
into in 
18-25 544 811-2) 544 817 1-5 
2 Preliminary 37-20 0 3-04 — — — 
After injection of 10 ml. 13 223 668 #223 2-59 1-2 
alanine (370 «mole/ml.) 
into intestine 
Do. 38 259 #777 2659 1-8 
TaB_E 3. Effect of temperature on movement of p- and L-alanine 
across the intestinal wall in vitro 
tration of Final concentration in outer fluid 
i DL-alanine in (umole/ml.) 
period Tem inner fluid - A ~ L/D 
(hr) °C) (umole/ml.) D L quotient 
2 18 280 2-80 3-14 1-l 
2 18 280 2-92 3-37 1-2 
2 37 280 8-98 21-3 2-4 
2 37 280 13-5 33-7 2-5 
1 37 280 4-49 12-3 2-7 


In vitro experiments. The in vitro intestine preparation of Wiseman (1953) 
as modified by Smyth & Whaler (1953) was used. Crampton & Smyth (1953) 
have used this preparation to measure the rate of disappearance of D- and 
L-alanine from the lumen of the intestine. It was thought that measurement 
of the L/D quotient might be better made by estimating the amounts of D- and 
L-enantiomorphs appearing in the outer fluid when equal amounts were 
initially present in the inner fluid, as the quotient would then depend on only 
one measurement of each enantiomorph, and not on the difference between 
two measurements. Most of the in vitro experiments were carried out at 
a temperature of about 18° C; if the temperature is reduced much below this, 
the amounts of amino-acid appearing in the outer fluid become too small for 
reliable estimation of the individual isomers. Table 3 gives the results of two 
experiments performed at 18° C, and for comparison, the results of experiments 
at 37° C, but otherwise similar in all respects. In the experiments in vitro just 
as in the in vivo experiments a reduction of the temperature causes the L/D 
quotient to approach unity. mi 
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DISCUSSION 


Gibson & Wiseman (1951) and Clarke et al. (1951) showed that when a racemic 
mixture of an amino-acid is introduced into the lumen of the intestine the 
L-enantiomorph disappears at a faster rate than the D-enantiomorph. The 
present experiments extend these results by showing that a greater amount 
of the L-enantiomorph also appears in the blood stream. The experiments on 
the effects of temperature both in vivo and in vitro show that fall of temperature 
leads to (1) a reduction in the amounts of both L- and D-alanine passing 
through the intestinal wall, and (2) a relatively greater reduction in the 
amount of L-alanine transferred, so that the L/p quotient approaches unity. 
The reduction in the absorption of both L- and D-alanine could be caused by 
alteration in the blood supply to the mucosa, or by a decrease in the rate of 
diffusion of amino-acid through the various barriers separating the intestinal 
contents from the blood stream, or by both. The greater reduction in the 
transfer of L-amino-acid suggests, in addition to these factors, a slowing down 
of some active process specifically concerned with the transport of L-amino- 
acid. The effects of cooling appear to be to a limited degree reversible in the 
in vivo preparation. 
SUMMARY 

1. When racemic mixtures of alanine, phenylalanine or leucine are intro- 
duced into the lumen of the intestine of the cat the L-enantiomorph appears 
in greater quantities than the p-enantiomorph in the mesenteric blood. 

2. Reduction of temperature both in vivo and in vitro causes the L/D 
quotient of the amino-acid passing through the intestinal wall to approach unity. 

3. The results support the concept of an active mechanism for the absorp- 
tion of L-amino-acids. " 
We are indebted to Mrs M. R. Snowden and to Mr R. E. Snelson for valuable technical assistance 
with this work. 

The expenses of the work have been defrayed by grants from the Medical Research Council 
and the Medical Research Fund of the University of Sheffield. 
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THE EFFECTS OF PREGANGLIONIC DENERVATION 
ON THE REACTIONS OF GANGLION CELLS 


By W. L. M. PERRY anp H. REINERT 
From the National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 27 April 1954) 


That previous section of the preganglionic nerve alters the reactions of 
ganglion cells has long been recognized. Cannon & Rosenblueth (1949) de- 
scribed the increased sensitivity of denervated ganglion cells to acetylcholine. 
Electrical stimulation of the distal end of the cut preganglionic nerve is usually 
completely ineffective 72 hr after section, and this failure in transmission is 
accompanied by other changes. Thus MacIntosh (1938) showed that the 
acetylcholine content of the ganglion fell to 20% of normal 70 hr after section 
of the preganglionic fibres. Feldberg (1943) and Banister & Scrase (1950) 
described the reduced power of such a denervated ganglion to synthesize 
acetylcholine and ascribed this to a concomitant reduction of its choline 
acetylase content; while Sawyer & Hollinshead (1945) showed that the true 
cholinesterase content of the ganglion also fell after denervation, although 
somewhat more slowly, reaching 20°, of normal only some 200 hr after section 
of the preganglionic fibres. 

Recently Ambache, Perry & Robertson (1953) showed that hexamethonium 
failed to block the stimulant action of acetylcholine in a denervated ganglion. 
This failure could not be ascribed simply to an increased excitability of the 
cells to acetylcholine, nor to any of the other known biochemical changes 
resulting from denervation, and its explanation remained obscure. 

Both Kewitz & Reinert (1953) and Ambache (personal communication) have 
shown that, in innervated ganglia, under certain circumstances, ganglion- 
blocking drugs might block the effects either of injected acetylcholine or of 
preganglionic stimulation, but not of both; and it was conceivable that these 
phenomena were related to the analogous one in denervated preparations. We 
have studied the reactions of innervated ganglion cells in extracellular fluids 
containing varying concentrations of potassium; and we have also investigated 
the effects on denervated ganglia of glutamate ions, which are known (Davies 
& Krebs, 1952) to promote the inwards transfer of potassium ions into various 
tissue cells against the ionic gradient. 

Some of the preliminary results have already been published elsewhere 
(Perry, 1954). 
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METHODS 


Cats were anaesthetized with ethyl chloride and ether followed by intravenous chloralose 
(80 mg/kg). The superior cervical ganglion was perfused by the method introduced by Kibjakow 
(1933) with some modifications suggested by Perry (1953). The perfusion fluid was Locke's 
solution containing twice the usual amount of glucose thus making a final concentration of 
200 mg/100 ml. Normal Locke's solution contains 20 mg/100 ml. potassium chloride; any varia- 
tion in this amount is specifically noted in the text. In certain experiments, also noted in the text, 
sodium L-glutamate was added to the Locke's solution. The concentration was adjusted so that one 
molecule of glutamate was available for every potassium ion in the solution. In Locke’s solution 
this is achieved by using a concentration of glutamate of approximately 50 mg/100 ml. 

Denervated ganglia were prepared 3-9 weeks before use, by anaesthetizing the cats with ethyl 
chloride and ether and, with the usual aseptic precautions, removing about 2 cm of the appropriate 
cervical sympathetic trunk. 

Contractions of the nictitating membrane were recorded with a frontal writing-point lever in 
the usual way. Precautions to ensure that the drugs injected into the perfusion stream acted only 
on the ganglion and not directly on the m --cle of the nictitating membrane or elsewhere were taken 
as described by Ambache et al, (1953). All drugs were given in volume of 0-2-0-5 ml. of saline 
(0-9% NaCl) solution. Doses are in terms of acetylcholine and tubocurarine chlorides, tetra- 
methylammonium (TMA) and tetraethyl onium (TEA) iodides, penta-, hexa- and deca- 
methonium bromides, pendiomid dibromide, and nicotine tartrate. 


RESULTS 


Action of ganglion-blocking drugs on denervated ganglia 

Methonium compounds and pendiomid. Fig. 1 shows the action of pendiomid 
in normal and denervated ganglia on the responses to injections of acetylcholine 
into the perfusion stream. Whereas in the innervated preparation 20 yg pen- 
diomid is sufficient completely to block the action of 20 ug acetylcholine 
(Fig. 1A), in the denervated preparation 40 ug pendiomid exerts no blocking 
action but instead appears to potentiate the effect of 5 ug acetylcholine 
(Fig. 1B); the potentiation is exhibited largely as an increased duration of the 
contraction and not so much as an increase in shortening. In other experi- 
ments, however, increased shortening was also observed, but the characteristic 
increase in duration was invariably obtained. These results with pendiomid 
are similar to those reported for hexamethonium by Ambache e¢ al. (1953), 
which we have confirmed (Fig. 2); similar results have also been obtained 
using pentamethonium and decamethonium. Moreover, in many experiments 
(8 out of 21), these drugs themselves caused stimulation of the ganglion cells 
as judged by contraction of the nictitating membrane. In Fig. 3 is shown one 
experiment with three of the methonium compounds. This stimulant action 
of the methonium drugs is subject to tachyphylaxis; in Fig, 4, a series of six 
injections of 200 ug of pentamethonium are shown to exert decreasing stimu- 
lant effects. 

It seemed possible that, although such a stimulant action of the methonium 
compounds was not followed by block to acetylcholine, the ganglion cells 
might be unresponsive to acetylcholine during the stimulant action of the 
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methonium compound, but, as shown in Fig. 5 for pentamethonium, we were 
unable to detect any sign of block at any time. 

The absence of stimulant effects of the methonium drugs in thirteen of 
twenty-one denervated preparations might have been due to differences in the 
time interval between denervation and experiment and we have studied this 


(a) 

Fig. 1. (A) Cat, chloralose, innervated superior cervical ganglion perfused with Locke’s solution. 
Contractions of nictitating membrane. Injections into perfusion stream. At signals acety!- 
choline 20 yg. At (a) Locke’s solution 0-2 ml. At (b) pendiomid 20 yg. Time trace, 30 sec. 
(B) Cat, chloralose, perfused denervated superior cervical ganglion. Contractions of nictitating 
membrane. Injections into perfusion stream. At signals acetylcholine 5 yg. At (a) Locke's 
solution 0-2 ml. At (6) pendiomid 40 pg. Time trace, 30 seo. 


point. Table 1 shows the experiments grouped according to this interval, and 
the proportion in each such group which showed the stimulant effect, and there 
would appear to be a tendency for the stimulant effect to be more commonly 
found before the end of the fifth week than later. Two other factors are involved 
however; first, that in all twenty-one experiments the drugs failed to block 
and, indeed, potentiated the effect of injected acetylcholine, which indicates 
that not all the effects of denervation show this tendency to recover after 
the fifth week; and secondly, that in a few cases increase of the dose of the 
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(a) (6) 
Fig. 2. Technique as in Fig. 1. Denervated ganglion. At signals acetylcholine 5 ug. At (a) 
Locke’s solution 0-2 ml. At (6) hexamethonium 100 ug. Time trace 30 sec. 


(a) (b) ©) 
Fig. 3. Technique as in Fig. 1. Denervated ganglion. At signals acetylcholine 5g. At (a) 
hexamethonium 100 yg. At (b) pentamethonium 100 yg. At (c) decamethonium 100 yg. 
Time trace, min, 


(a) (3) (a) (a) (a) (b) 
Fig. 4. Technique as in Fig. 1. Denervated ganglion. Pentamethonium 200 yg at (a), 
400 yg at (b). Time trace, min. 
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(a) 
Fig. 5, Technique as in Fig, 1. Denervated ganglion. At signals acetylcholine 10 ug. At W, 
Locke’s solution 0-2 ml, At (a) pentamethonium 100 yg. Time trace, min. 


(a) (8) 
Fig. 6. Technique as in Fig. 1. Denervated ganglion. At signals acetylcholine 5 yg. 
At (a) Locke’s solution 0-2 ml. At (b) tubocurarine 200 yg. Time trace, 30 sec. 


methonium drug did finally produce a stimulant effect. Thus, in one experiment 
no stimulant action of pentamethonium was observed until 1 mg was given. 
It may well be, therefore, that the presence or absence of stimulation repre- 
sents only a quantitative difference between the preparations. 


TaBLz 1, Relationship between length of time since denervation of the ganglion 
and appearance of stimulant effect of methonium compounds 


Proportion of 
ganglia showing 
Time interval stimulant action 
since denervation of methonium 
(in days) 
20-29 3/7 
30-39 5/8 
40-49 0/2 
50+ 0/4 
8/21 


Tubocurarine and TEA. We have also examined the effects of tubocurarine 
and of TEA on denervated ganglia. These compounds block the action of 
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acetylcholine, as they do in innervated preparations. A typical result is 
shown for tubocurarine (Fig. 6), 200 wg causing complete block of the stimu- 
lant action of 5 ug of acetylcholine in a denervated ganglion. 

Nicotine and TMA. Furthermore, nicotine and TMA, which are depolarizing 
ganglion-blocking drugs (Paton & Perry, 1953), exhibit in denervated prepara- 
tions the same initial stimulation of the ganglion cells followed by block of the 
action of acetylcholine as they do in innervated preparations. Thus, in Fig. 7, 
200 ug of TMA itself causes contraction of the nictitating membrane, while 
subsequent injections of acetylcholine are no longer effective. 


Fig. 7. Technique as in Fig. 1. Denervated ganglion. At signals acetylcholine 10 yg. 
At (a) Locke’s solution 0-2 ml. At (6) TMA 200 ug. Time trace, 30 sec. 


Tasve 2. Reactions of normal and denervated ganglia to various ganglion-blocking compounds 


Normal ganglion Denervated ganglion 
Blockto Block to 
Stimulation injected Stimulation injected 
Compound by compound acetylcholine by compound acetylcholine 
Acetylcholine + +* + +* 
Nicotine + + + + 
TMA + + + + 
Tubocurarine + + 
TEA - + - + 
Pentamethonium - + + a 
Hexamethonium - + + ‘si 
ethonium +* + 
Pendiomid - + + - 
* Large doses 


The results obtained with all the ganglion-blocking drugs investigated are 
summarized in Table 2 in which the drugs are arranged according to the 
classification proposed by Paton & Perry (1953). 


The effect of varying the extracellular potassium concentration 
on the action of ganglion-blocking drugs 
If the innervated ganglion is perfused with Locke’s solution containing no 
potassium there is a dramatic change in the response of the preparation to the 
methonium compounds. Thus Fig. 8 shows normal blocking action of 200 yg 
hexamethonium to injection of acetylcholine in the innervated preparation 
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perfused with normal Locke’s solution; when the potassium is removed from 
the perfusion fluid 100 »g hexamethonium (half the previous dose) causes, in 
the same experiment, a large contraction of the nictitating membrane. This 
stimulant action is not followed by block to injected acetylcholine, but, on the 


Fig. 8. Cat, chloralose, innervated superior cervical ganglion. Contractions of nictitating mem- 
brane. Injection into perfusion stream. Ganglion perfused with (A) Locke’s solution (B) 
Locke’s solution containing no KCl. At signals acetylcholine 20 ug. Hexamethonium 200 yg 
at (a), 100 wg at (6). Time trace, 30 sec. 


(A) (8) 


(a) (b) 

Fig. 9. Technique as in Fig. 8. Ganglion perfused with (A) Locke’s solution, (B) Locke’s solution 
containing no KCl. At signals acetylcholine 10 ug. Pendiomid 10 yg at (a), 200 wg at (5). 
Time trace, 30 sec. 

contrary, by a potentiation of the acetylcholine effect ; furthermore, this effect 

shows the same characteristic increase in duration as well as in tension of the 

contraction as was observed in denervated preparations. Similar results were 
obtained with pentamethonium, decamethonium and with pendiomid, although 
the last of these occasionally showed no stimulant action of-its own but only 
the potentiating effect on subsequent injections of acetylcholine (Fig. 9). The 
very large potentiating effect of pendiomid is specially clear in this experiment. 

Removal of potassium from the perfusion fluid had no such effect on the 
action of TEA and tubocurarine; nor on that of any of the depolarizing blocking 
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drugs. There is, therefore, a very close parallel between these reactions and the 
reactions of denervated preparations. 

In experiments in which the ganglion was perfused with Locke’s solution con- 
taining varying amounts of potassium chloride it was found that the reduction of 
the potassium concentration necessary to convert the response to a methonium 
drug to a stimulant one is variable, possibly owing to differences in the doses 
necessary to produce stimulation; but the reduction necessary to prevent the 


(a) (6) 

Fig. 10. Cat, chloralose, innervated superior cervical ganglion perfused with Locke’s solution 
containing 10 mg/100 ml. KCl. Contractions of nictitating membrane. Injections into per- 
fusion stream. At signals acetylcholine 10 yg. At (a) decamethonium 150 yg. At (b) penta- 
methonium 100 ug. Time trace, min. 


TaBLE 3. Relationship between concentration of KCl in Locke’s solution perfusing the ganglion 
and presence or absence of blocking action of methonium compounds to injected acetylcholine 


KCl concentration (mg/100 ml.) in 
perfusing the ganglion 


Locke’s solution 
Compound (Normal) 
Decamethonium - - + 
Pentamethonium - - - + + 
Hexamethonium -\%4 - + + + 
Pendiomid - - + + + 


+ =drug blocks injected acetylcholine. 
- =drug fails to block injected acetylcholine. 

blocking action of the drug is remarkably constant. Thus all the drugs block in- 
jected acetylcholine when the Locke’s solution contains 20mg/100ml. potassium 
chloride. All fail to block when the concentration is reduced to 2-5 mg/100 ml. 
Between these extremes the reduction necessary for any particular compound is 
correlated with its ganglion-blocking potency. Thus, in Fig. 10, the concentra- 
tion of potassium chloride was 10 mg/100 ml. and while decamethonium fails to 
block, pentamethonium is still fully active in blocking the effect of injected 
acetylcholine. The results of these experiments are summarized in Table 3. 
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In further experiments we showed that, although the methonium compounds — 
failed to block the action of injected acetylcholine under these circumstances, 
they remained effective in blocking preganglionic stimulation (Fig. 11). In 
this experiment, in which the Locke’s solution contained 2-5 mg/100 ml. potas- 
sium chloride, 50 wg hexamethonium produced a contraction of the nictitating 


Fig. 11. Cat, chloralose, innervated superior cervical ganglion perfused with Locke’s solution 
containing 2-5 mg/100 ml. KCl. Contractions of nictitating membrane. Injection into per- 
fusion stream. Preganglionic cervical sympathetic trunk stimulated during period shown on 
lower trace with submaximal square pulses of 0-5 msec duration at a frequency of 10/sec. At 
signals acetylcholine 20 wg. At (a) hexamethonium 50 yg. Time trace, min. 


©) (@) (d) (a) 


Fig. 12. Technique as in Fig. 11. Preganglionic stimulation during signal. At (2) acetylcholine 
10 wg. At (6) acetylcholine 20 pg. At (c) pentamethonium 100 pg. At (d) decamethonium 


100 yg. Time trace, min. 
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membrane and failed to block injected acetylcholine. Yet some 10 min later, 
during continuous preganglionic stimulation, the same dose of hexamethonium 
caused complete block of transmission. 

This differentiation was always present, so that the methonium compounds 
blocked the effects of preganglionic stimulation whatever the concentration of 
potassium chloride in the Locke’s solution; yet variation of this concentration 
altered the effect of the methonium compounds on.injected acetylcholine. 
Thus, in Fig. 12, 100 pg of pentamethonium blocked transmission during 
continuous preganglionic stimulation and also blocked injected acetylcholine 
(10 wg); but the concentration of potassium (2-5 mg/100 ml.) was such that, 
although decamethonium also blocked transmission during continuous pre- 
ganglionic stimulation, it failed to block acetylcholine (10 yg) injected at the 
height of the transmission block. 


The effect of extracellular potassium concentration on denervated ganglia 
The parallelism between the reactions of denervated ganglia perfused with 
normal Locke’s solution, and of innervated ganglia perfused with Locke’s 
solution containing a reduced potassium concentration, led us to study, on 
denervated preparations, the effects of (a) excess of potassium, and (5) gluta- 
mate ions in the perfusion fluid. 


(A) (8) 


(b) (a) (b) (a) 

Fig. 13. Cat, chloralose, denervated superior cervical ganglion perfused with (4) Locke’s solution 
and (B) Locke’s solution containing 100 mg/100 ml. KCl. Contractions of nictitating mem- 
brane. Injection into perfusion stream. At (a) acetylcholine 1 wg. At (b) pendiomid 50 pg. 
Time trace, 30 sec. | 

When denervated ganglia were perfused with Locke’s solution containing an 
increased concentration of potassium (100 mg/100 ml.), this concentration of 
potassium itself produced some ganglionic stimulation. We were nevertheless 
able to show, even in such an unsatisfactory preparation, that the excess 
potassium reduced the stimulant action of acetylcholine in both degree and 
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duration, abolished the stimulant effect of pendiomid (previously present) and 
may have restored to some extent its blocking action to injected acetylcholine 
(Fig. 13). 

Because of the difficulties of using such high concentrations of potassium 
we have perfused denervated preparations with Locke’s solution containing 
100 mg/100 ml. u-glutamate and only twice the usual potassium chloride 
concentration (40 mg/100 ml.), and a typical result is shown in Fig. 14. In this 
experiment the denervated ganglion, when perfused with this solution, gave 
responses like those obtained in an innervated ganglion; thus pendiomid and 
hexamethonium under these conditions exerted their usual blocking action to 


(A) (8) 


(a) (6) 


Fig. 14. Cat, chloralose, denervated superior cervical ganglion perfused with (A) Locke's solution 
containing 40 mg/100 ml. KCl and L-sodium glutamate 100 mg/100 ml. and (B) Locke’s 
solution. Contraction of nictitating membrane. Injections into perfusion stream. At signals 
acetylcholine 10 ug. At (a) pendiomid 100 yg. At (6) hexamethonium 100 pg. Time trace, min. 


injected acetylcholine. Moreover, the responses to acetylcholine itself were 
typical of those obtained in innervated preparations. Later, the same prepara- 
tion, perfused with normal Locke’s solution, shows that pendiomid and hexa- 
methonium have lost their blocking action, and that hexamethonium has now 
a potentiating effect on subsequent injections of acetylcholine and itself 


stimulates the ganglion cells; finally, the responses to acetylcholine now show the 


increased duration and shortening characteristic of denervated preparations. 


DISCUSSION 

Role of potassium in the action of the methonium compounds 
Our results on innervated preparations show that when the extracellular 
potassium concentration (K,) is reduced, the methonium compounds no longer 
block injected acetylcholine but potentiate its effects and, indeed, may them- 
selves stimulate the ganglion cells. When KX, is normal, these compounds block 


transmission without themselves producing any depolarization of the cell 
membrane (Paton & Perry, 1953); yet, when K, is reduced, and the methonium 
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compound causes stimulation of the ganglion cells, there must be an accom- 
panying depolarization. There is, therefore, a critical level of Ky at which 
a methonium compound develops the power of depolarizing the ganglion cells. 
Furthermore, this critical level is correlated to the ganglion-blocking activity 
of the compound (Table 3); thus, the stronger the ganglion-blocking activity 
of the compound when K, is normal, the more must Ky be reduced before this 
blocking activity is lost and the compound acquires a potentiating or stimulant 
action. 

This is of particular interest in the case of the compound decamethonium, 
which blocks the ganglionic synapse in the absence of any depolarization 
(Paton & Perry, 1953) but blocks the neuromuscular junction by producing 
a prolonged depolarization (Burns & Paton, 1951), although at both sites the 
membrane is specifically reactive to acetylcholine. Loewi (1954) and Perry 
(1954) pointed out that such variations in the reactions of two cell membranes 
to a particular drug might depend not so much on differences between the 
receptors at the two sites as on differences in the ‘environmental states’ of the 
two cell membranes. The fact that decamethonium does depolarize the ganglion 
cell membrane when K, is low but not when K, is normal lends support to this 
view. 

Another interesting finding in innervated ganglia is that although, when K, 
is reduced, the methonium compounds fail to block injected acetylcholine, 
whatever the dose, they are still fully active in blocking the effects of pre- 
ganglionic stimulation. This finding is difficult to explain if we accept acetyl- 
choline as the chemical transmitter at ganglionic synapses. Stimulation of the 
ganglion is known to cause a release of potassium itself (Vogt, 1936; Emmelin, 
MacIntosh & Perry, 1949). This local release of potassium during preganglionic 
stimulation, whether from pre- or post-synaptic elements, will tend to restore 
K, to normal and hence to permit the methonium compounds to exert their 
normal blocking action. But, as shown in Fig. 12, even if such a local increase 
of K, does occur during stimulation, it does not restore the blocking action of 
the methonium compounds to injected acetylcholine. It is also possible to 
explain this discrepancy on the basis of a differentiation of the cell membrane 
into areas under the boutons terminauaz specifically reactive to acetylcholine 
and other areas not so specialized in function. Such a differentiation was 
postulated by Paton & Perry (1953) to explain the dual action of nicotine. On 
the other hand, it is an unattractive concept since De Castro (1942) showed 
that over 70% of the ganglion cell membrane is covered by boutons terminauz. 
Finally, the reduced Ky may affect the release of acetylcholine from the pre- 
synaptic terminals; increased K, is known to release this acetylcholine (Brown 
& Feldberg, 1936). Yet this, too, seems an improbable reason for the observed 
discrepancy, which appears to be a qualitative rather than merely a quantita- 
tive one. 
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Effects of denervation 
When K, is normal, the denervated ganglion reacts to the methonium com- 
pounds in a way similar to that in which the innervated ganglion reacts when 
K, is low. This parallelism is very close. In both cases the effects of injected 
acetylcholine are potentiated in duration and degree ; and in both the methonium 
compounds do not block but potentiate the effects of injected acetylcholine, 
and may themselves stimulate the ganglion cells. In this connexion our 
results with sodium glutamate are of particular interest. Glutamate ions are 
known (Davies & Krebs, 1952) to cause an inwards transfer of potassium into 
liver, brain, kidney and retinal cells across the cell membrane against the 
ionic gradient, We have used similar concentrations of sodium glutamate in 
the fluid perfusing denervated ganglia and have observed (Fig. 14) a reversal 
of those effects of denervation which we havé just described, Thus we can 
convert certain responses of an innervated ganglion to those of a denervated 
ganglion by reducing Ky; and we can convert the same responses of a dener- 
vated ganglion to those of an innervated ganglion by increasing K, and by 
providing glutamate ions extracellularly. 
It is tempting to speculate whether the effects of denervation may depend 
upon a resultant change in K,, Such a change would necessarily be a localized 
one, since no change can be visualized in the potassium concentration of the 
extracellular fluids of the body in general. A local fall of K, in the ganglion is 
conceivable if a continual leakage of potassium from pre-synaptic terminals in 
the ganglion occurs in the innervated preparation and consequently maintains 
a higher local K, than that in a denervated preparation where no such leakage 
is possible, but this is the only basis that we can visualize for such a change. 
On the other hand, a change in the intracellular potassium concentration 
(K,) after denervation might produce similar results. Denervated ganglion 
cells discharge spontaneously (McLennan & Pascoe, 1954) and the denervated 
ganglion contains less potassium than does the innervated (Vogt, 1936). These 
findings might be expected to lead to a reduction of K, after denervation; but 
a reduction of K, might be expected to have opposite effects to a reduction in 
K,, and consequently would not easily explain our results. Furthermore, 
changes in either K, or Ky would have effects on the resting potential of the 
ganglion cells and an answer to this question, as to many others, must await 
the intracellular recording of ganglion cell potentials. Dale (1920) described 
the different modes of action of relatively complicated molecules as being ‘as 
mysterious as the physiological contrast between sodium and potassium’. It 
is possible that many of the actions of such complicated molecules as the 
methonium compounds depend ultimately upon their interference with the 
normal actions of these simple ions. 
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SUMMARY 


1, All experiments were carried out on the perfused superior cervical 
ganglion of the cat. 

2. In chronically denervated preparations the methonium compounds 
and pendiomid fail to block and, indeed, potentiate the stimulating effect of 
injected acetylcholine; furthermore, they may themselves stimulate the 
ganglion cells. 

3. The same responses to these compounds are also observed in innervated 
preparations perfused with Locke’s solution containing a reduced concentra- 
tion of potassium. The amount by which the potassium concentration must be 
reduced to produce these altered responses varies directly with the ganglion 
blocking activity of the compounds. 

4. Under these conditions of low potassium concentration, however, pre- 
ganglionic stimulation is still blocked by the methonium compounds and 
pendiomid, 

5. When denervated preparations are perfused with Locke’s solution con- 
taining sodium glutamate or an increased concentration of potassium, the 
stimulating effect of injected acetylcholine resembles that seen in innervated 
preparations, both in duration and height of contraction. Moreover, methonium 
compounds and pendiomid block injected acetylcholine and their stimulating 
effect is abolished. 

6. Other ganglion-blocking drugs investigated—namely, tubocurarine and 
TEA, atropine, nicotine, and TMA, retain, in all types of preparation, their 
usual blocking action to injected acetylcholine. 

7. The results are discussed in relation to the role of potassium in the changes _ 
which follow denervation. 
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Heller (1937) examining the fate of ‘ Pituitrin’ in animals, claimed that ‘When 
small amounts of pituitrin are intravenously injected into rabbits a large pro- 
portion is excreted in the urine in a free state’. Shannon (1942), summarizing 
results of experiments in animals injected with commercial preparations of 
posterior pituitary extracts, regarded it as established that ‘the kidney can 
excrete the antidiuretic hormone’. No information exists which would indi- 
cate how the posterior pituitary preparations are excreted beyond Heller's 
(1937) conclusions that ‘as the amount of hormone injected is increased the 
proportion of the hormone which is excreted in the urine decreases’. This 
would suggest that glomerular filtration might be a contributory factor, as the 
filtration rate of rabbits would be very small after large doses. 

More recently it has been found that in rats infused with amounts of vaso- 
pressin ranging from 300 to 1500 ~.U/100 g, the antidiuretic activity of the 
urine was equivalent to 8-1 + 1-23% of the dose administered (Dicker, 1954). 
The antidiuretic activity present in the urine was unaffected by the height of 
the water load, and hence by changes in glomerular filtration or by the rate of 
urine flow. In hypophysectomized dogs, O’Connor (1951) showed that the 
rate of excretion of antidiuretic activity in the urine was equivalent to 12% 
of the rate at which vasopressin was infused, and was, as in rats, independent 
of the volume of urine excreted. Finally, in man, the antidiuretic activity 
of the urine was found to be equivalent to 12-8 °% of the amount of vasopressin 
infused (Noble & Taylor, 1953). There can thus be little doubt that the anti- 
diuretic activity found in the urine could account for only 10% of the activity 
of the vasopressin administered. Therefore vasopressin antidiuretic activity is 
largely destroyed in the body. This paper is concerned with the nature of this 
inactivation process, and incidentally demonstrates that the small amount of 
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antidiuretic activity which is found in the urine is not due to vasopressin but 
to a transformation product. A preliminary account of this work has been 
communicated to the Physiological Society (Dicker & Greenbaum, 1954). 


METHODS 


The male albino rats used for the antidiuretic assays and for the preparation of tissue slices varied 
in weight from 180 to 250g. Those used for infusion of antidiuretic material were heavier 
(300-350 g). 

Kidney slices, approximately 0-3 mm thick, were cut on a Stadie-Riggs (1944) microtome. All 
tissue slices were incubated in a Mg- and Ca-free Krebs-Ringer phosphate buffer solution pH 7-4 
(NaCl 0-154m, 100 parts; KCl 0-154, 4 parts; KH,PO, 0-154, 1 part; phosphate buffer (pH 7-4) 
0-1m, 12 parts; gassed with O,), at 37°C. Mg and Ca were omitted, as it was found that they 
formed a precipitate when the solution was boiled, which adsorbed some of the antidiuretic 
material. The amount of antidiuretic material added to this medium never exceeded 1/10 of the 
total volume of 2-0 ml. of the solution in which tissue slices were incubated. 

At the end of the incubation period, the reaction was stopped by plunging the tubes into boiling 
water for 3min. After centrifugation the supernatant fluid was assayed for its antidiuretic 
activity, by intravenous injection into rats in ethanol anaesthesia, with a constant water load 
(Dicker, 1953). Each assay consisted of four injections, two doses of the standard and two of the 
unknown, the ratio, high to low dose, being the same for standard and unknown solutions. 
Results were expressed in terms of the antidiuretic activity of a standard solution of vasopressin. 

Before rats were infused with antidiuretic substances or with urine, the animals were given an 
oral dose of 3-0 ml. of water/100 g body weight followed an hour later by 5-0 ml. of 12% 
ethanol (v/v) /100 g body weight. When the anisnal was anesthetized a polyethylene cannula was 
fixed in a jugular vein, and a glass catheter in the bladder. Urine lost during the preparation of 
the rat was made good by feeding the animal with the required dose of a 2% ethanol solution. 
The water load (8-0 ml./100 g) was kept constant during the infusion (Boura & Dicker, 1953). 
Infusions were made with an apparatus delivering 0-008 ml./min. Total amounts of vasopressin 
infused varied from 200 to 300 mU/100g. Urine collections were made until the inhibitory 
effect on the urine flow had disappeared. 

All experiments on animals were conducted in a thermo-regulated room, at a temperature 
of 23° C, 

Drug. Pitressin (Parke Davis and Co.) solutions of the same batch, E. 374472, were used for 
the incubation of tissues, for intravenous infusions, and as standard for the estimation of anti- 
diuretic effects. 

Definitions. mU =milliunit; »U =microunit <activity of ml. injectio B.P. 
The antidiuretic activity of the drug Pitressin has been referred to as ‘vasopressin’. 


RESULTS 


In vitro experiments. Kidney slices (mean wet weight 50 mg) were incubated 
with 2-0 mU of vasopressin in the modified Krebs-Ringer solution (total 
volume 2-0 ml.) for 5 hr and the antidiuretic activity of the supernatant fluid 
was assayed at hourly intervals. In all experiments, there was a decrease of 
the antidiuretic activity over the first 3 hr, after which it remained constant. 
The mean amounts of antidiuretic activity after 3, 4 and 5 hr were equivalent 
to 456 + 19-5 wU (8.x. of five estimations) ; 451 + 15-5(4) wU; and 452 + 34-9 pu, 
respectively (Fig. 1). 

The sonstansy of the antidiuretic titre, after 3 hr of incubation, was not due 
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to a loss of activity on the part of the tissue slices. Kidney slices, which had 
been incubated with vasopressin for 4 and 5 hr and had reduced its activity to 
a constant level were still able to inactivate a fresh solution of vasopressin. 
The addition moreover of fresh kidney slices to a solution of previously inacti- 
vated vasopressin did not result in any further decrease of the antidiuretic 
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Fig. 1. Comparison of degree of inactivation of vasopressin by kidney slices and by liver slices. 


Inactivation by kidney slices: ©—@. Inactivation by liver slices: x --- x. The values | 


for liver slices have all been corrected for the presence of an endogenous liver antidiuretic 
activity. 


activity (Table 1A). Doubling the amount of kidney slices and incubating it 
with the same amount of vasopressin had no effect on the final level of residual 
antidiuretic activity. The time taken to reach the constant level of about 20% 
of the initial activity was, however, roughly halved. 

As control experiments, vasopressin was incubated in the modified Krebs- 
Ringer solution for 5 hr in the absence of kidney slices and kidney slices were 
incubated for the same length of time without the addition of vasopressin. 
There was no decrease of the antidiuretic titre in the first series of controls, 
and no antidiuretic activity was found in the latter series. 

Similar experiments were performed with liver slices. The inactivation of 
2 mU of vasopressin by liver slices (mean wet weight 55 mg) followed a pattern 
comparable to that described for the kidney. The antidiuretic activity 


20% 
\ 
\ 
15 \ 
\x 
\ \o 

\ 
& 10 \ | 
2 
| 
3 | 

0-5 
0 
\ | 
| 
0 | 


INACTIVATION OF VASOPRESSIN 119 


decreased over the first 3 hr, after which it remained constant. The mean levels 
of antidiuretic activity after 3, 4 and 5 hr were equivalent to 185 + 16-4(4) nU; 
190 + 27-2(4) wU; and 190 + 19-1(4) »U—respectively. Addition of fresh liver 
did not produce any further decrease (Table 1A). In contrast with kidney, 
however, when incubated in Krebs-Ringer solution without added vasopressin, 
liver slices liberated a substance which exhibited antidiuretic activity. This 
necessitated the determination of ‘blank values’ for each estimation of the 
antidiuretic activity of supernatant samples. 
TaBLe 1. The effect of adding fresh tissue (kidney or liver) to a vasopressin solution which 
has already been partly inactivated by tissues 
Amounts of antidiuretic activity found after incubation, expressed as 


vasopressin 

"Ist period of incubation for 3 hr 2nd period of incubation for 3 hr 
450; Addition of fresh kidney slices hres 
2000 »U vasopressin and kidney 4 468 60* 
alices ars} Addition of fresh liver slices 60* 
440 (100° 
190 200 
170 Addition of fresh liver slices 150 


2000 »U vasopressin + liver slices < 180 40* 
Addition of fresh kidney slices 


Ist period of incubation for 6 hr 2nd period of incubation for 3 hr 
10,000 »U vasopressin+kidney 1990 Addition of fresh liver slices 60 
slices 
ae Liver slices (control) without 70 
B vasopressin | 


40,000 »U vasopressin+liver 2700 Addition of fresh kidney slices 120 
slices 
Liver slices (control) without 100 == 
pressin 


vaso 

* These values could not be distinguished from the endogenous antidiuretic activity liberated 
by the liver (see text). 

Mean wet weight of kidney slices: 50 mg (range from 45 to 54 mg) 
Mean wet weight of liver slices: 55 mg (range from 52 to 58 mg). 
All incubations at 37° C; in gas phase air. 

The fact that the final levels of inactivation reached by kidney and liver 
slices were significantly different (¢=13-74, P<0-001), suggested that the 
mechanism of inactivation must be different in the two tissues. This was un- 
equivocally shown (a) by adding fresh kidney slices to a solution of vasopressin 
which had been inactivated by liver slices, (b) by adding fresh liver slices to 
a solution of vasopressin which had been inactivated by kidney slices (Table 1 A). 
In both cases, the remaining antidiuretic activity decreased to a level which 
could not be distinguished from that produced by the endogenous antidiuretic 
activity liberated by the liver. It was not possible to evaluate the degree of 
inactivation by the tissue slices in the second incubation. To decide whether 
the residual activity was vasopressin itself or partially inactivated vasopressin, 
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the same type of experiment was repeated using larger amounts of vasopressin 
(Table 1B). If the substance after the first incubation had been residual vaso- 
pressin, final values of about 200 and 500 »U would have been expected after 
the second incubation. As the values obtained showed a virtually complete 
inactivation, the material responsible for the antidiuretic activity after the 
first incubation cannot have been vasopressin. Similar results were obtained 
when a mixture of both kidney and liver slices were incubated with vasopressin 
for 4 hr. 

In vivo experiments. As the results of in vitro experiments suggested that 
both kidney and liver slices transformed vasopressin into substances of lower 
antidiuretic activity, it was of interest to see whether the same process of 
inactivation obtained in vivo. Four rats were given intravenous infusions of 
vasopressin, in amounts varying from 200 to 300mU/100g. Urine was 
collected from the onset of the infusion, until complete disappearance of the 
inhibitory effect of the urine flow, i.e. until 1 to 2 hr after the end of the 
infusion. The urine collected was assayed for its antidiuretic activity and then 
incubated for 4 hr either with kidney slices or with liver slices. When incubated 
with kidney slices the antidiuretic activity of the urine remained unchanged. 
When incubated with liver slices, however, it disappeared almost entirely, 
i.e, the antidiuretic activity decreased to a level where it was indistinguishable 
from that produced by the liver itself. Both kidney and liver tissues were still 
able to inactivate fresh vasopressin added to the urine (Table 2). 


TaBe 2. Effect of incubation with liver and kidney slices on the antidiuretic activity 
of the urine of rats infused with vasopressin 
Rats, under ethanol anaesthesia. Water load: 8 ml./100 g. Amounts of vasopressin infused: 
200-300 mU/100 g. Duration of infusion: 2 hr. Urine collection from the onset of infusion until 
2 hr after its end. 


Amounts of antidiuretic 
expressed as 4U vasopressin 
0-1 ml. ape collected from each rat contained 580 1000 600 710 
(control) 
(0-1 ml. urine + 1-9 ml, Krebs-Ringer solution 570 1030 580 720 
0-1 ml. urine + 1-9 ml, Krebs-Ringer solu- 560 980 600 700 
tion + kidney slices 


0-1 ml. urine + 1-9 ml. Krebs-Ringer solu- 930 1450 1020 1170 

Incubation for) tion + kidney slices + 2-0 mU vasopressin 
4 hr at 37°C | 0-1 ml. urine + 1-9 ml. Krebs-Ringer solu- 240 — —_— 175 
tion + liver slices 

0-1 ml. urine + 1-9 ml. Krebs-Ringer solu- 445 
tion + liver slices + 2-0 mU vasopressin 

2-0 ml. Krebs-Ringer solution + liver slices 200 


In an attempt to see whether in vitro and in vivo experiments yielded 
similar results, urine obtained from a rat which had been infused with vaso- 
pressin was injected intravenously into a second rat, and both the urine 
infused and the urine excreted by the second rat were assayed for antidiuretic 
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activity. In four experiments the antidiuretic activity of the urine of the 
recipient was found to be equivalent to 48, 50, 54 and 59% of that of the 
donor (Table 3). These results would agree with the assumption that the liver 
destroyed the antidiuretic activity of the urine of the donor (as in in vitro 
experiments), whereas the kidneys excreted it unchanged. 


TABLE 3. Amounts of antidiuretic activity excreted by a rat infused with urine collected 
from another rat injected with vasopressin 


Rat A: 325g. Ethanol anaesthesia; water load: 8 ml./100 g. Polyethylene cannula in jugular 
vein, catheter in bladder. Amount of vasopressin infused: 400 mU. Urine volume collected: 
2-5 ml. This was made up to 5-0 ml. with H,O, of which 0-1 ml. was used for antidiuretic activity 
estimation. 

Rat B: 335 g. Ethanol anaesthesia; water load: 7-6 ml./100 g. Prepared as rat A. Intravenous 
infusion of 4-9 ml. urine from rat A. Urine volume collected: 7-7 ml. 


Amounts of anti- 
diuretic activity 
in terms 
Treatment of mU vasopressin 
vi Rat 4:400mU 0-1 mi. urine A 0-800 


vasopressin Thus: 4-9 ml. urine which was infused 39-200 
into rat B had a total antidiuretic 


After intravenous | activity equivalent to 
infusion of Rat B: 4-9ml. 0-1 mi. urine B 0-025 
urine of rat 4 Thus: 7-7 ml. urine had a total anti- 19-250 
diuretic activity equivalent to 
DISCUSSION 


Birnie (1953) investigated the degree of inactivation of vasopressin by kidney 
and liver homogenates and found, as in the present series of results, that 
kidney homogenates inactivate that substance only in part. He claimed that 
vasopressin is completely destroyed by liver homogenates. His technique of 
estimation, however, does not fully warrant such a conclusion, as the sensitivity 
of the method he used is only 2-0 mU vasopressin/100 g body weight (Burn, 
1931; Heller & Blackmore, 1952). The method used in the present investigation 
has a sensitivity of 5 ~«U vasopressin/100 g (Dicker, 1953). 

It will be recalled that after the injection or infusion of vasopressin into 
rats, dogs or man, the proportionate excretion of antidiuretic activity was 
about the same (O’Connor, 1951; Ginsburg & Heller, 1953; Noble & Taylor, 
1953; Dicker, 1954) and was unaffected by changes in glomerular filtration 
or variations in urine flow (O’Connor, 1951) Assuming that the degree of 
inactivation of vasopressin by kidney and liver was of the same order of magni- 
tude in both in vitro and in vivo experiments, it may be possible now to gain 
some insight into the fate of injected vasopressin in normal rats. Blood plasma 
does not seem to inactivate vasopressin (Dicker & Ginsburg, 1950) and 
according to Heller & Urban (1935) and to Birnie (1953) other tissues seem to 
be fairly inactive in that respect. As kidney slices inactivated vasopressin to 
a level of antidiuretic activity equivalent to about 20% of the initial amount, 
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and as the antidiuretic activity of urine was equivalent to about 10% only of 
the dose of vasopressin injected, it follows that the kidneys were able to 
‘clear’ about half the amount of vasopressin administered. This agrees with 
previous findings (Ginsburg & Heller, 1953; Dicker, 1954). Further support 
for this conclusion could be derived from the results of experiments in which 
urine of a rat injected with vasopressin was infused into a second rat. The 
antidiuretic activity of the urine of the latter was only about half that present 
in the infused urine. Since the antidiuretic activity of urine from a rat 
injected with vasopressin was destroyed by incubation with liver slices, but 
unaffected by kidney tissue, it would seem reasonable to suppose that the 
same obtained in vivo, i.e. that the halving of the amount of antidiuretic 
activity in the urine was due to its destruction by the liver, the other half 
being excreted unaffected by the kidneys. 

It would thus seem that in normal rats, both liver and kidneys may share 
about equally in the ‘clearing’ of injected vasopressin and that the antidiuretic 
activity of urine is not due to the excretion of vasopressin itself but to a 
substance which has an antidiuretic activity equivalent to approximately 10°, 
of that of the dose injected. This interpretation, however, is valid only if it is 
accepted that the vasopressin used contained a single active substance and did 
not consist of fractions which could be inactivated separately by kidney or 
liver. Whether the same partition between liver and kidney clearances, and 
the same proportionate excretion of antidiuretic activity exist in cases of 
dehydration, of oedema secondary to malnutrition or after adrenalectomy is 
now being investigated. 

SUMMARY 

1. Kidney slices and liver slices of rats: were incubated in a modified 
Krebs-Ringer phosphate buffer solution pH 7-4 with 2-0 mU vasopressin, at 
37° C for periods of up to 6 hr, and the antidiuretic activity of the supernatant 
fluid assayed at hourly intervals by intravenous injections into rats in ethanol 
anaesthesia. 

2. In the presence of both liver and kidney slices the antidiuretic activity of 
the supernatant fluid decreased over the first 3 hr, after which it remained 
constant. The final level of antidiuretic activity was equivalent to approxi- 
mately 20% of the initial activity for the kidney and 10% for the liver. Liver 
slices alone on incubation liberated a substance which also exhibited anti- 
diuretic activity. 

3. The addition of fresh kidney or fresh liver slices to a solution of vaso- 
pressin previously inactivated by kidney or liver slices resulted in no further 
decrease of the antidiuretic activity. Slices of either kidney or liver which had 
reduced the level of vasopressin activity in one solution to a constant level 
could, if transferred after 5 hr, do the same to another fresh solution of 
vasopressin. 
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4. The addition of fresh kidney slices to a solution of vasopressin previously 
inactivated by liver, or the addition of fresh liver slices to a solution of vaso- 
pressin previously inactivated by kidney, both resulted in a further decrease 
of the antidiuretic activity to a level which could not be distinguished from 
that produced by the unidentified endogenous antidiuretic activity released 
by the liver. 

5. The antidiuretic activity of urine collected from rats ih ethanol anaes- 
thesia during and after infusion of vasopressin remained unchanged after 
incubation with kidney slices. It was almost entirely destroyed after incubation 
with liver slices. 

6. The antidiuretic activity of urine collected from rats which had been 
injected with urine collected from rats previously infused with vasopressin 
represented about 50% of the antidiuretic activity of the later. 


One of us (8S. E.D.) is indebted to the Medical Research Council for a grant defraying part of the 
expenses of this investigation. 
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THE CAPILLARY DILATOR SUBSTANCES IN DRY 

POWDERS OF SPINAL ROOTS; A POSSIBLE ROLE OF 

ADENOSINE TRIPHOSPHATE IN. CHEMICAL TRANS- 
MISSION FROM NERVE ENDINGS 
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The vasodilatation which results from antidromic stimulation of sensory 
nerves has suggested to several authors (Dale, 1935; Hellauer & Umrath, 
1948), that the transmission of impulses from both peripheral and central 
endings of sensory fibres may be mediated by a chemical substance possessing 
a vasodilator action. In searching for such a substance in nervous tissue, 
Hellauer & Umrath (1947, 1948) found that potent vasodilator activity was 
present in extracts of dorsal but not of ventral roots. In contrast, we observed 
vasodilator activity in extracts of both dorsal and ventral roots (Holton & 
Holton, 1952). This paper describes an investigation into the properties of the 
active substance or substances, and suggests that the vasodilator activity of 


our extracts is due to adenosine triphosphate (ATP) and its breakdown 
products. 


METHODS 
Materials 
The following substances were used for injection into the rabbit’s ear. They were freshly diluted 
with, or dissolved in, saline (0-9% NaCl in distilled water) and the pH was adjusted to 7-4 before 
injection. 

Adenosine triphosphate (ATP). The barium salt of ATP was prepared from rabbit muscle fol- 
lowing the procedure of LePage (1949), omitting the magnesium anaesthesia but including pre- 
cipitation with mercury. Neutral solutions of the potassium salt were obtained from this materia! 
either by the method described by Slater (1953), or by precipitating the barium from acid solutior 
with a small excess of potassium sulphate, followed by neutralization with potassium hydroxide. 
The solutions were standardized by enzymic analysis (Slater, 1953), and contained negligible 
amounts of ADP and AMP. 

Adenosine diphosphate (A DP) was prepared enzymically from ATP as described by Slater (1953), 
and standardized by enzymic analysis. It contained negligible amounts of ATP and AMP. 


é * Foulerton Research Fellow of the Royal Society. 
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Adenosine monophosphate (A M P) was a commercial preparation of muscle adenylic acid (Light), 
containing negligible amounts of energy-rich phosphate (~ P). 

Inosine triphosphate (ITP). The barium salt of ITP, which was kindly given by Prof. H. A. 
Krebs, was dissolved in acid. The barium was precipitated with sodium sulphate and the super- 
natant neutralized with sodium hydroxide. 

Creatine phosphate (CP) was kindly given by the late Mr E. J. Morgan of the Biochemical 
Laboratory, Cambridge. 

Yeast uridylic acid, yeast guanylic acid and muscle inosinic acid (IMP) were kindly given by 
Dr J. D. Smith, 

Adenine (Light), adenosine (Light), diphosphothiamine (Roche) and thiamine (B.D.H.) were 
obtained commercially and used without further purification. 

Substance P. Two preparations were used. They were kindly given by Dr W. Feldberg (PF) and 
Prof. J. H. Gaddum (P,). 

Preparation of biological material, Acetone-dried powders were prepared from the dorsal and 
ventral roots and caudate nucleus of horses as described previously (Holton & Holton, 1952) 
They were then extracted according to the procedure shown in Table | (first three stages), which 
increased the stability of the preparations without removing any appreciable vasodilator activity. 
The resulting ‘solvent-extracted powders’ (Table 1), were stored in dark bottles over phosphorus 
pentoxide and retained their full activity for at least 10 months. The powders are referred to as 
DP, VisP, CN,P, ete., indicating that they were prepared from the fifteenth batch of dorsal and 
ventral roots and the third batch of caudate nucleus respectively. Immediately before use an 
extract was prepared by boiling the powder for 1 min with distilled water or saline, centrifuging 
and discarding the residue. The results described in this paper were obtained with such extracts 
prepared from dorsal and ventral root powder and no difference was detected between them, 
apart from a slightly greater activity in the dorsal root preparation already reported. The term 
spinal root powder or extract is used in this paper to refer to powder or extract from either dorsal 
or ventral roots, and does not imply that the dorsal and ventral roots were mixed. 


Barium precipitation of aqueous extracts 

Two aliquots of 2 ml. were taken from a sample of a boiled saline extract of spinal root powder. 
To one was added 0-05 ml. of 0-9 m-barium acetate with thorough mixing, followed by 0-02 ml. of 
1-0 m-Na,SO,. Both samples were then stored at 2° C for 2 days. 0-07 ml. of 1-0 m-Na,SO, was 
next added to the untreated sample, both were centrifuged, and the clear supernatants tested 
for vasodilator activity. 

Paper chromatography 

A large amount of starting material was needed for the paper chromatography to allow for 
losses during manipulation. For this experiment we therefore used a solvent-extracted powder 
prepared from horse caudate nucleus. This tissue is easier to obtain in bulk and contains the slow 
dilator substance typical of the spinal roots (Harris & Holton, 1953; unpublished). The vasodilator 
activity was concentrated further by stages 4, 5 and 7 of the procedure in Table | and the resultant 
gum was taken up in a small volume of water and chromatographed on paper. 

The paper chromatography was kindly carried out by Dr J. D. Smith using a descending chroma- 
togram and solvent 3 of Markham & Smith (1952). This consists of 70% (v/v) isopropanol and 
30% water in an atmosphere of ammonia. The nucleotide spots were detected by ultraviolet 
photography (Markham & Smith, 1949), using samples of pure nucleotides as markers. They were 
cut out separately and eluted by mashing the paper with water and centrifuging. The eluates were 
tested for vasodilator activity after concentration by freeze-drying and adjustment of tonicity by 
addition of NaCl. 
Ultraviolet absorption spectra 

These were measured in a Hilger Uvispek spectrophotometer using 1 cm cells. Two different 
procedures were followed: (a) Boiled aqueous extracts of spinal root powders (V,,P and D,,P, 
10 mg powder/ml.) were diluted 10 times with water and read at intervals of 5 mp against a reference 
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cell containing water. (b) A boiled-aqueous extract of spinal root powder (D,,P, 20 mg powder/m!.) 
was deproteinized by the addition of 40% (w/v) trichloroacetic acid (final concentration 5% w/v) 
and the clear supernatant was read en ee 
the wavelengths indicated in Fig. 1. 
Assays of vasodilator activity 

These were carried out by the rabbit’s ear method already described (Holton & Holton, 1952), 
using rabbits whose ears were denervated by section of the great auricular nerve and removal of 
the superior cervical ganglion at the beginning of the experiment. The vessels of the ear were made 


insensitive to acetylcholine and histamine by giving atropine (5 mg/kg) and mepyramine (2-5 mg/kg) 
intravenously every 3 hr. 


Investigation of prolonged vasodilator responses 
Rabbits were specially prepared for these experiments by removal of the stellate and superior 
cervical sympathetic ganglia under aseptic conditions 2-3 weeks previously. This interval allowed 
the sympathetic fibres to degenerate and the vessels of the ear usually regained constrictor tone. 
Only those animals whose ear vessels had developed good constrictor tone were suitable. 


Enzymic determination of ATP and ADP 

This estimation was carried out by the enzymic method of Slater (1953). The method uses 
glycolytic enzymes to couple the dephosphorylation of ATP and ADP to the onidation of reduced 
cozymase. The amount of reduced cozymase oxidized is measured spectrophotometrically and 
0-05 umole of ATP (approx. 25 ug) may be determined with an error of less than 5%. 

The total ~ P (ATP, ADP and CP) in extracts of three different spinal root powders was deter- 
mined using Slater’s analysis B(a), This estimate includes the following interfering substances 
when present: pyruvate, phosphopyruvate, phosphoglycerate, oxaloacetate and hexosediphos- 
phate. In order to determine the maximum possible contribution of these substances to analysis 
B(a), one of the extracts was analysed by Slater’s procedure B(b), which estimates these five sub- 
stances together with h onophosphate. The amount of reacting material (moles) found in 
analysis B(b) was 20 % of that found | in analysis B(a). Since it was unnecessary that the estimation 
of ~P should be of great accuracy for comparison with the vasodilator assays, the substances 
contributing to analysis B(b) were not investigated further. The difference B(a) — B(b) was used 
to calculate the minimum amount of ~ P in the extract, on the assumption that the substances 
reacting in analysis B(b) consisted entirely of those which produce maximum interference in 
analysis B(a) (that is, phosphopyruvate and phosphoglycerate; see Slater, 1953, for full dis- 
cussion). Two other extracts were analysed by procedure B(a) only, and the same percentage 
correction was applied to the result to give minimum values of ~ P present. Maximum values of 
~ P were calculated directly bees gaelyee Bia), on the assumption that the only substance 
reacting in analysis B(b) was h 

Inorganic phosphate determinations. These were carried out by the method of Lohmann & 
Jendrassik (1926), 


RESULTS 
Preliminary concentration 
In attempting to concentrate the vasodilator activity of spinal root extracts, 
it was convenient to start with fairly large samples of acetone-dried powders. 
The course of purification was followed by comparing the vasodilator activity 
of the purified fractions obtained at each stage with a sample of the starting 
material. Table 1 summarizes the concentration procedure adopted. Extrac- 
tion with organic solvents (stages 1-3) removed about 70% of the original 
weight of the powder without loss of activity. The activity was then extracted 
with boiling water (stage 4) and remained in the supernatant after protein 
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precipitation (stage 5). Precipitation with barium at neutral pH removed 
most of the active substance, however, and this suggested that it might be 
a nucleotide or a nucleotide derivative. 

The concentration procedure up to this stage was carried out with samples 
of four powders prepared from two batches of dorsal roots and one batch each 
of ventral roots and caudate nucleus. 


Tas_e 1. Concentration and purification of vasodilator substance present in 
acetone-dried powders of spinal roots and of caudate nucleus 


Activity 
recovered 
Stage Starting material Procedure Resulting material (%) 
1 Acetone-dried 6 hr extraction with dry ether Ether-extracted 100 
powder at 25° C in Soxhlet apparatus § powder 
2 Ether-extracted 6 hr extraction with dry acetone Ether/acetone- 100 
powder at 25° C in Soxhlet apparatus § extracted powder 
3 Ether/acetone- 6 hr extraction with absolute Solvent-extracted 100 
extracted powder ethanol at 25°C in Soxhlet powder 
apparatus 
4 Solvent-extracted Boiled with distilled water for Boiled-water 100 
powder 2 min. Cooled, centrifuged, extract 
residue discarded ’ 
5 Boiled-water Treated with trichloroaceticacid, Deproteinized 100 
extract centrifuged, residue discarded extract 
6 Deproteinized Treated with equivalent Barium-precipitated 10 
extract amounts of barium acetate extract 
and sodium sulphate. Cooled 
2 days, centri residue 
discarded 
- Deproteinized Concentrated by freeze-drying Gum usedforpaper Not 
extract chromatography _ tested 
Paper chromatography 


The developed chromatogram showed intense ultraviolet absorption in the 
positions corresponding to ATP and ADP. The paper was cut into three 
portions corresponding to the ATP spot, the ADP spot and the remainder; 
each portion was eluted with water and the eluate assayed for vasodilator 
activity. Approximately 16% of the activity was recovered from the ATP 
spot, about 4°% from the ADP spot and only a trace from the remainder of 
the paper. The freeze-drying and chromatographic procedure had resulted in 
a loss of 80% of the total activity. It was concluded that at least some of the 
vasodilator activity was due to a mixture of ATP and ADP, since both of these 
substances have a potent dilator action. Since the total recovery of activity 
was poor, other methods were used to investigate what proportion of the total 
activity could be attributed to these substances. 


Ultraviolet absorption spectrum 
The ultraviolet absorption spectrum of boiled-water extracts of spinal root 
powders was determined on three different preparations. All the extracts 
showed a marked absorption band between 260 and 265 my. In one experi- 
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ment the extract was deproteinized before being examined and this band was 
then more sharply defined. This spectrum is shown in Fig. 1. An intense 
absorption band at 260 my is shown by many naturally occurring substances 
besides ATP, including all those which contain a purine or a pyrimidine 
nucleus. Thus the magnitude of the specific absorption in this region of the 
spectrum can only be used to calculate an upper limit to the amount of ATP 
present. The concentrations of adenine nucleotide corresponding to the 
observed optical densities were roughly estimated by measuring the height of 
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Fig. 1. Ultraviolet absorption spectrum of a deproteinized extract of spinal 
roots (20 mg solvent-extracted powder per ml.). 


the absorption band at 260-265 my above the level of non-specific absorption. 
The absorption coefficient for ATP given by Gulland & Holiday (1936) was 
used for the deproteinized extract (pH approx. 2), and that given by Kalckar 
(1947) for the neutral extracts (pH 7). The values obtained in this way for the 
three different preparations were 6-6, 9-2 and 8-2 mumole adenine nucleotide 
per mg. The figures given in Table 2, line 2, (3-3, 4-6 and 4:1 «g ATP per mg) 
have been calculated for ATP (mol.wt. 503) and would be rather smaller for 
substances of lower molecular weight such as ADP and AMP. 


Assays of vasodilator activity against AT P 
A useful step in identifying a biologically active substance in tissue extracts 
is to make a series of determinations of the activity of a standard extract in 
terms of the pure substance. If the results do not agree it is unlikely that the 
unknown and pure substances are identical. In line 1 of Table 2 the results 
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are given for such a series of assays. Extracts of a standard acetone-dried 
powder (D,,P) were compared with ATP on seven different preparations of the 
rabbit’s ear. The relative activity of the extracts varied between 1-8 and 
4-5 ug ATP/mg of powder. Since assays by this method are not very precise 
this represents sufficiently close agreement to suggest that the whole of the 
vasodilator activity of the extract could be due to ATP or substances with 
closely similar properties. 


TaBLE 2, The amounts of ATP or ADP in extracts of solvent-extracted powders 
of spinal roots, estimated by three different methods 


pg ATP or ADP present in 
1 mg 
Preparation 
Method of r A 
estimation Specificity of method of estimation DyP DyP VigP 


(1) Assay of vaso- Includes: AMP, adenosine. Excludes : 45 
dilator activity other substances listed in Table 3, 2-2 


against ATP acetylcholine, histamine 4-5 
1-8 6-0 5-1 
1-8 
4:5 6-5 5-0 
18 
Mean 3-01 6-25 5-05 
(2) Intensity of Includes: AMP, other nucleotides, 
absorption band _ purines, pyrimidines and other sub- 
at mp absorption at 3-3 4-6 4-1 


acetylcholine, 
(3) analysis Includes: creatine phos- )\Ifall 354-2 . 2-5-3-0 
~P phate, phosphopyruvate, | as ATP 
osphoglycerate. 
acludes: AMP, other 
nucleotides, purines, pyri- 
midines, acetylcholine, 
histamine, substance P 


Enzymic determination of labile phosphate (~ P) in extracts 

A more definite indication that adenosine phosphates were wholly responsible 
for the vasodilator activity of the extracts was obtained by comparing the 
results of the biological assays with direct estimation of the ~P in the 
extracts, using Slater’s enzymic method. The results are given as two ranges 
in line 3 of Table 2. The upper figure of each range is that obtained from the 
uncorrected analysis (B(a)) for ~ P, whereas the lower figure was obtained by 
subtracting the estimated maximum contribution of interfering substances 
(see Methods). Two ranges are given since 1 mole of ATP contains twice as 
much ~P as 1 mole of ADP. If our extracts contain a mixture of ATP and 
ADP, as suggested by paper chromatography, the true value (ATP + ADP) 
would lie between the extreme limits of the two ranges, i.e. 1-35-2-5, 3-5-7-1 
and 25-51 yg/mg respectively, for each of the three extracts analysed. These 
intermediate values agree well with the estimates of ATP obtained by assay 


of vasodilator activity and by ultraviolet absorption. The possibility that other 
9 PHYSIO, CXXVI 


If all 2-1-2-5 5°9-7-1 4-2-5:1 
as ADP 
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phosphate compounds (creatine phosphate, phosphopyruvate and phospho- 
glycerate) contribute to the ~ P analyses is discussed below and is shown to 
be unlikely. 
Vasodilator activity of substances related to ATP 

In order to determine the specificity of the vasodilator test, various sub- 
stances were assayed against ATP or AMP in different preparations of the 
rabbit’s ear. The results are given in Table 3. It can be seen that ADP, 
adenosine and, in some experiments, AMP had activity of the same order as 
ATP but that the other substances were much less active. 


TaBLE 3. Vasodilator activity of various substances compared with ATP 


Substance % activity of 1 mg (1 mg ATP = 100) 
ADP 100, 100, 50, 100 
AMP (muscle adenylic acid free 100, 5000, 1000, 30, 1, 100, 5, 3 
from ATP and ADP) 
Adenosine 25, 100 
Adenine <10 
ITP (free from ATP) 5, 3, 10 
IMP <l, <1, 01 
Creatine phosphate <l 
Thiamine 0-1, <1 
Diphosphothiamine 1, <l 


The ratio of activity of ATP to AMP varied over a wide range in different 
experiments and sometimes changed even during the course of a few hours in 
the same preparation. When this happened it was usually because the vessels 
became relatively more sensitive to ATP; at the same time the sensitivity to 
spinal root extracts also increased. This suggested that little of the vasodilator 
activity of spinal root extracts was due to AMP, a result supported by the 
observation that only 10%, of the activity resembled AMP in being barium- 
soluble (see Table 1). 

Table 3 also includes some observations on thiamine, suggested as a possible 
chemical nerve transmitter by Muralt (1946). The absence of vasodilator 
activity confirms an earlier observation (Holton & Perry, 1951). Diphospho- 
thiamine (cocarboxylase), which might be expected to occur in tissue extracts, 
was also without appreciable vasodilator activity. Two other nucleotides, yeast 
uridylic acid and yeast guanylic acid, were tested against AMP but were found 
to have less than 0-1 % of its activity. 


Comparison of vasodilatation produced by ATP with that produced by 
antidromic stimulation of the sensory nerve 
In earlier papers it was shown that certain distinctive attributes of anti- 
dromic vasodilatation were also shown by the vasodilator responses to injected 
spinal root extract. In suitable preparations of the rabbit’s ear, the vasodilator 
responses were prolonged (Holton & Holton, 1952) and they were also reduced 
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" after injection of cholinesterase inhibitors (Holton, 1953). These two observa- 
0 tions, together with the fact that the vasodilator activity disappears from 
incubated spinal root extracts by enzymic action (Holton & Holton, 1952), 
make the study of these extracts relevant to the investigation of the chemical 
transmitter responsible for antidromic vasodilatation. It was therefore of 
interest to see whether ATP and related substances also possessed these 
characteristics. 

3 ' Duration of the response. These experiments were carried out with prepara- 
tions of the rabbit’s ear in which the larger vessels were constricted (see 
Methods). In such preparations prolonged vasodilatation was observed when 
ATP or ADP was injected. These responses were similar to the response to 
injection of extract of spinal roots or caudate nucleus and to antidromic 
vasodilatation, and they are probably due to capillary dilatation (Hilton & 
| Holton, 1954). The results are illustrated in Fig. 2, which shows also that AMP 


ATP 100ug AMP™ 100gA 2mg DP 


Fig. 2. Prolonged vasodilatation in the rabbit’s ear produced by stimulation of the great auricular 
nerve at S by three shocks and arterial injection of ATP and spinal root extract (DP) in 
contrast to the short-lived responses to arterial injection of AMP and adenosine (A), Time 
. in min. 


and adenosine cause a short-lived vasodilatation suggesting that these sub- 
stances act on the larger blood vessels. The contrast in the responses to ATP 
and ADP on the one hand, and AMP and adenosine on the other, is in ac- 
cordance with observations reported in the literature. Anschiitz & Schroeder 
(1950) found that ATP dilates capillaries, while Drury (1936) records that 
AMP and adenosine cause arteriolar dilatation. 

Effect of cholinesterase inhibitors. The arterial injection of small doses of 
prostigmine or eserine decreased the vasodilator response to ATP and to ADP, 
but the response to adenosine was unaffected. This is illustrated in Fig. 3, 
which shows the effect of 50 »g prostigmine on the vasodilator responses to 
ATP, ADP, spinal root extract (DP) and adenosine. This antagonistic effect 
of cholinesterase inhibitors can thus be observed with spinal root extracts, 
ATP, ADP and the transmitter responsible for antidromic vasodilatation. 

Incubation of ATP with acetone-dried spinal roots. The untreated acetone- 


dried powders of dorsal and ventral roots were used in these experiments since 
9-2 
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it was found that the solvent extraction procedure shown in Table 1 destroyed 
_ the enzymic activity under observation. When ATP was incubated in saline 
at 37° C with either dorsal root powder or ventral root powder it lost more than 
90% of its vasodilator activity in 30 min. At the same time the ~ P fell by 
more than 80% and inorganic phosphate was liberated. The ultraviolet 
absorption at 260 my remained unchanged. These preliminary observations 
indicate that ATP and the vasodilator substance in spinal roots have similar 
biochemical, as well as pharmacological, properties. 


2mg 100mg SOmg 2mg 100mg 
pp ATP ADP pros. OP ATP ADP =A 
Fig. 3. Dilator responses of the rabbit’s ear vessels to arterial injection of spinal root extract 
(DP), ATP, ADP and adenosine (A) 50 ug prostigmine (pros.) was injected arterially where 
indicated. Time in min. 
Comparison of the spinal root dilator substance with substance P 

Several authors have recently reported that substance P occurs in dorsal 
roots in greater concentration than in ventral roots (Pernow, 1953; Lembeck, 
1953; Gaddum, personal communication). Since substance P causes vasodila- 
tation, these findings have led Lembeck to suggest that it is responsible for the 
vasodilator activity found by Hellauer & Umrath (1948) in extracts of dorsal 
roots and that it is a transmitter at sensory nerve endings. Hellauer (1953) 
has also found that dorsal root extracts have many properties in common with 
substance P. It was thus of interest to compare the properties of the vaso- 
dilator substance of our extracts with substance P as well as with ATP. 

The effect of hot alkali and hot acid on the spinal root extracts was studied 
in a series of experiments, and the results are summarized in Table 4. Acid or 
alkali were added to the extracts which were then held in a boiling water-bath 
.for 20 min as described previously (Holton & Holton, 1952). After neutralizing, 
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the extracts were tested on the rabbit’s ear. It is clear that the vasodilator 
activity is readily destroyed by heating with acid, but that the lability in hot 
alkali varied on different occasions; in general, the extracts lost some but not 
all of their vasodilator activity in alkali. In Expt. 5, spinal root extracts were 
compared directly with ATP and substance P. Both dorsal and ventral root 
extracts as well as ATP lost a little vasodilator activity in alkaline solution in 
contrast with substance P which had no detectable activity remaining. Thus 
TaBLE 4. The vasodilator activity of extracts of acetone-dried powders of dorsal and ventral 


roots, compared with ATP and substance P, after 20 min in acid or alkali in a boiling 
water-bath | 


% vasodilator activity 
remaining after 
Expt. Preparation Medium "Acid Alkali. Notes 
1 0-2n-HCl <10 
0-2n-HCl <10 Holton & Holton 
0-2n-KOH 20 (1952, fig. 5) 
2 0-2n-HCl <10 
3 0-2n-HCl <10 
0-2n-NaOH 70 — 
4 0-2n-KOH 32 
0-33 n-KOH 24 
0-2 n-NaOH 50 
0-33 n-NaOH 38 
5 DyP 0-3 N- HCl <5 
0-3n-HCl <5 
A 0-3N-HCl <5 
Substance P(PF) 0-3n-HCl 10 — | Solvent-extracted 
dD, 0-3n-NaOH — 70 spinal root powders 
VieP 0-3n-NaOH 70 
ATP 0-3 n-NaOH — 70 
Substance P (PF) 0-3n-NaOH <10 


the vasodilator substance in our extracts resembles ATP and differs from 
substance P in its relative stability to hot alkali. These results confirm our 
previous finding that the vasodilator activity of spinal root extracts is 
destroyed by hot acid, but our statement that it is also destroyed by hot alkali 
must be modified. We now find that the substance is only partially destroyed 
by heating in an alkaline medium. 

A few other experiments have been carried out with substance P, and the 
results all suggest that it cannot be responsible for the vasodilator activity of 
our extracts. When substance P was assayed against a standard spinal root 
extract on two preparations of the rabbit’s ear the equivalent doses were 
1 ug Py =3 pg D,,P and 1 pg P,=40 pg D,,P. These ratios are so different that 
the vasodilatation cannot be due to the same chemical substance in P, and 
D,;P. Also in a single experiment P, was incubated with an enzyme pre- 
paration from caudate nucleus. After 30 min P, had lost no dilator activity 
while the vasodilator activity of caudate nucleus extract had been almost 


ed | 
ne 
an 
y 
et 
ns | 
ar 
5 j 
t 
e 
| 
= 


134 F. A. HOLTON AND PAMELA HOLTON 


abolished. In addition to these observations, it was shown previously that 
substance P (PF) did not produce the prolonged vasodilator response typical 
of spinal root extract (Holton & Holton, 1952, fig. 3a). 


DISCUSSION 

The substance responsible for the vasodilator action of spinal root extracts, 
prepared according to our methods, shares many properties with ATP. As well 
as having similar chemical characteristics, the vasodilator activity of spinal 
root extracts and of ATP is antagonized by cholinesterase inhibitors and 
destroyed by incubation with spinal root powders, and the vasodilator 
responses are prolonged in suitable preparations. Apart from ADP, we have 
found no other substance which so closely resembles the active factor of spinal 
root extracts and the transmitter responsible for antidromic vasodilatation. 
There is thus strong evidence that the vasodilator activity of spinal root 
extracts is due, at least in part, to ATP or ADP. The significance of the 
quantitative comparisons between ATP and the vasodilator factor must be 
considered in the light of the specificity and accuracy of the three different 
methods. 

The vasodilator assay against an ATP standard is not highly specific, 
but it was possible to exclude interference by some of the other dilator 
substances likely to be present in nervous tissue. Acetylcholine and histamine 
would have been antagonized by atropine and mepyramine respectively and 
the acetone-soluble factor of Major, Nanninga & Weber (1932) would have been 
removed in the preparation of the extracts. 

The alkaline stability and enzymic lability of the active material in our 
extracts showed that substance P was not present in sufficient amount to 
contribute appreciably to their vasodilator activity. This was unexpected since 
substance P is known to occur in nervous tissue (Amin, Crawford & Gaddum, 
1953; Kopera & Lazarini, 1953; Lembeck, 1953; Pernow, 1953). Our method 
of preparation included exhaustive extraction of the tissue with ether, acetone 
and alcohol, and it is possible that substance P would have been removed at 
this stage, as it is slightly soluble even in dry solvents (Pernow, 1953). In 
addition, the ether extraction may have increased the ease of extraction of 
substance P by the other solvents. However, we have not excluded the pos- 
sibility that substance P contributes a small part (less than 20%) of the total 
vasodilator activity. 

Although the above substances probably did not interfere with the vasodila- 
tor assay, breakdown products of ATP (ADP, AMP and adenosine) would 
certainly affect the assay, since they sometimes show as potent an action as 
ATP itself. Since the relative activities of these adenosine compounds vary 
from rabbit to rabbit, the assay of extracts likely to contain a mixture of them 
cannot be absolutely reproducible. In addition to this uncertainty, the figures 
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for each assay are subject to an error of up to + 30%. The scatter of values for 
the vasodilator activity of spinal root extracts, shown in Table 2, is easily 
accounted for by these two factors. 

The estimation of ATP in nervous tissue by its absorption at 260 my has 
the same degree of specificity as the vasodilator assay. Although many other 
substances possess a similar absorption spectrum it is probable that only 
adenosine and its phosphates contribute to the 260 my absorption band, since 
the amount of other nucleotides in nervous tissue is negligible (Kerr, 1942). 
Uncertainty is also introduced into the estimation by the unspecific absorption 
of the extracts. Thus a possible error of about + 15° must be allowed for in 
the measurement of the height of the 260 my absorption band. 

The enzymic method of determining ~ P gives a figure which sets an upper 
limit to the amount of ATP or ADP in the extracts, but which includes an 
unknown contribution from various interfering substances. A lower limit may 
be calculated by assuming that the whole of the analysis B(b) represented 
phosphopyruvate and/or phosphoglycerate. If we also assume that creatine 
phosphate contributed 25°% of the remaining ~ P, which is the proportion 
found in freshly frozen brain (Kratzing & Narayanaswami, 1953), the lower 
limit of ATP and ADP in spinal root powders is 44%, of the uncorrected value. 
However, it is unlikely that these substances did in fact contribute significantly 
to the ~ P estimation since creatine phosphate in nervous tissue disappears 
rapidly after death (McIlwain, 1952) and there is likely to be very little phos- 
phopyruvate or phosphoglycerate present (Kratzing & Narayanaswami, 1953). 
The enzymic analysis, unlike the other methods used in this work, is repro- 
ducible to within less than 5°. It thus seems justifiable to take the figures for 
total ~ P obtained by the enzymic analysis as giving a close estimate of the 
amount of ATP and ADP present in the spinal root extracts. 

The quantitative measurements obtained by these three different methods 
show good agreement when the respective accuracies of the methods are taken 
into account. It is therefore reasonable to conclude that our extracts contained 
a mixture of ATP and ADP in sufficient concentration to account for the whole 
of their observed vasodilator action. 

This conclusion contradicts our earlier view (Holton & Holton, 1952) that 
the vasodilator substance was not a derivative of adenosine. At the time, only 
adenosine itself had been tested on the rabbit’s ear and it was excluded on the 
grounds that it dilated the larger blood vessels and that it was stable to alkaline 
hydrolysis. It was wrongly assumed that these properties would be shared by 
all derivatives of adenosine. However, it has now been shown that ATP, like 
the spinal root extract and unlike adenosine, is a capillary dilator and that it 
loses some of its vasodilator activity when heated with alkali. 

The presence of breakdown products of ATP in extracts of acetone-dried 
powders of spinal roots does not necessarily indicate that they are present in 
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appreciable amounts in the living tissue. After the creatine phosphate has 
completely disappeared after death, the concentration of ATP falls rapidly, 
while the concentrations of ADP and AMP rise (Kerr, 1942). Even if most of 
the adenosine phosphate were present as ATP in the living nerve, sufficient 
hydrolysis would occur before our extracts were prepared to give the sort of 
mixture that we found. This is a probable explanation of our results since other 
workers have shown that nervous tissue contains much more ATP than other 
adenosine phosphates (Kerr, 1942; Kratzing & Narayanaswami, 1953). For 
brevity we shall therefore refer to the active physiological substance present 
in our extracts as ATP. 

The occurrence of high concentrations of ATP in nervous tissue is well 
known and can readily be explained by its function in cell metabolism. 
Nevertheless, it is worthwhile to speculate on the possibility that ATP has an 
additional function in nervous tissue, namely that of transmitting nervous 
impulses from certain nerve endings. Such a situation would be analogous 
with that in skeletal muscle, where ATP is considered to play a specialized part 
in the contraction of the muscle fibre, a function distinct from its general 
participation in cell metabolism. 

Our investigation of dilator activity in spinal roots was originally prompted 
by the claim of Hellauer & Umrath (1948) to have demonstrated the trans- 
mitter substance of sensory neurones in dorsal root extracts. In a recent paper, 
Hellauer (1953) now reports that the substance in his extracts has much in 
common with substance P and that it differs from ATP particularly in being 
readily destroyed by hot alkali. It is clear that Hellauer and ourselves have 
been studying different substances, and indeed it is not surprising that tissue 
extracts should contain several substances with vasodilator activity. Any of 
these substances may be considered as a possible chemical transmitter at 
sensory nerve endings. In the central nervous system it is likely that there is 
more than one such transmitter. For instance, the existence of two different 
sensory transmitters had been suggested recently by the definitive observations 
of Brock, Coombs & Eccles (1952) on potential changes at the first synaptic 
junction. 

Thus the two possibilities that ATP and substance P are transmitter sub- 
stances in the central nervous system are not mutually exclusive. However, 
it is reasonable to assume that the vasodilator effect of stimulating dorsal root 
fibres antidromically is caused by a single substance, probably a capillary 
dilator whose action is antagonized by cholinesterase inhibitors. The results 
obtained by Lembeck (1953) and Hellauer (1953) with extracts of spinal roots 
tested on the guinea-pig’s intestine thus need to be examined by sensitive and 
quantitative vasodilator tests before their relevance to the problem of the 
antidromic transmitter can be assessed. The photometric method used in our 
experiments is particularly useful for investigating antidromic vasodilatation. 
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Besides being at least a 100 times more sensitive than the method of direct 
inspection used by Hellauer (1953) it is readily adapted to quantitative assay 
and responds chiefly to capillary dilatation. 

The experiments described in this paper show that ATP and ADP resemble 
the transmitter responsible for antidromic vasodilatation. Preliminary experi- 
ments also indicated that a substance resembling ATP was liberated into 
the perfusion fluid when the great auricular nerve to the rabbit’s ear was 
stimulated antidromically (Holton & Holton, 1953). It seems possible that 
such stimulation releases ATP or a similar substance from the nerve endings, 
and that the substance acts on the blood vessels to produce antidromic 
vasodilatation. 

It is not certain whether the neurones responsible for antidromic vasodilata- 
tion are sensory neurones or whether they belong to a special efferent system 
(Lewis, 1942), but it is reasonable to suppose that the chemical substance 
liberated at their peripheral endings might also be produced in the central 
nervous system by an afferent sensory impulse (Dale, 1935). It thus becomes 
of interest to consider the general hypothesis that ATP acts as a physiological 
transmitter of impulses at certain nerve endings in the central nervous system. 

There are several observations in the literature which indicate that ATP 
stimulates activity in the central nervous system. Arterial injection of small 
amounts into the cervical region of the cat’s spinal cord produces movements 
of the forelimbs which are thought to be due to direct stimulation of the 
ventral horn cells (Buchthal, Engbaek, Sten-Knudsen & Thomasen, 1947). 
Emmelin & Feldberg (1948) also found that ATP injected into the vertebral 
artery stimulated the medulla. Stimulating and depressing effects of ATP in 
the central nervous system have also been observed by Babskii & Malkiman 
(1950), Feldberg & Sherwood (1954) and Gépfert & P. Holton (unpublished). 
These findings all indicate that if extracellular ATP were released in small 
amounts in the central nervous system it would produce a marked effect. 

There is no direct evidence that ATP is released at nerve endings. However, 
the appearance of material with a 260 my absorption band in the perfusate 
from a rabbit’s ear during stimulation of the great auricular nerve may be 
explained in this way. In this connexion, it is worth noting the observations 
of Hydén (1947) who showed that the concentration of nucleotide in the 
relevant nerve cells is greatly decreased in guinea-pigs subjected to intense 
auditory stimulation or to prolonged muscular activity. ATP, which is 
abundant in nervous tissue, may be the nucleotide involved in this effect. 

Cholinergic and adrenergic neurones can be shown to contain large amounts 
of acetylcholine and noradrenaline respectively (Loewi & Hellauer, 1938; 
Euler, 1951). By analogy, it would be expected that a sensory transmitter 
substance would be present in dorsal roots but not in ventral roots. In 
postulating that ATP may be such a transmitter, it is necessary to account for 
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the fact that it is a constituent of motor as well as sensory neurones. There is 
however this difference; the vasodilator activity persists in homogenates of 
fresh dorsal roots but disappears from fresh ventral roots (Holton & Holton, 
1952). Thus it may be that neurones whose transmitter is ATP differ from 
cholinergic and adrenergic neurones in the rate at which they destroy ATP 
rather than in their ATP content. This seems a reasonable supposition when 
it is recalled that, in contrast to acetylcholine and noradrenaline, ATP fulfils 
a general metabolic function in all cells. 

The concept of a special physiological action of free ATP has a direct analogy 
in present theories of the way in which skeletal muscle is made to contract. 
The arrival of the action potential at each point of the muscle fibre is thought 
to liberate bound ATP in a form which acts directly on the contractile 
mechanism. It is tentatively suggested that in certain sensory nerves, ATP is 
similarly liberated by the arrival of the action potential at the nerve ending, 
and that it then acts either on a blood vessel (as in antidromic vasodilatation), 
or, in the central nervous system, as a synaptic transmitter. 


SUMMARY 


1. Dry powders prepared from dorsal and ventral roots of horses have been 
analysed for ATP and its breakdown products by three different methods: 

(a) Assay of vasodilator activity on the rabbit’s ear vessels, using a series of 
animals. 

(6) Measurement of specific light absorption at 260 my. 

(c) Analysis of labile phosphate by enzymic methods. 

2. The results show sufficiently close agreement to justify the conclusion 
that all the vasodilator activity of these preparations is due to a mixture of 
ATP and ADP with small amounts of further breakdown products. 

3. The vasodilator activity of ATP is destroyed and the labile phosphate 
disappears on incubation with an acetone-dried powder of dorsal or ventral 
roots. 

4. The vasodilator activity of ATP and of spinal root extracts is destroyed 
by acid and is slightly decreased by alkaline treatment. The activity of sub- 
stance P is destroyed by both acid and alkaline treatments under the same 
conditions. 

5. Arterial injection of ATP and ADP resembles antidromic nerve stimula- 
tion both in causing a prolonged vasodilatation in suitable preparations of the 
rabbit’s ear and in being antagonized by previous injection of cholinesterase 
inhibitors. These properties are not shared by various other vasodilator 
substances. 


6. The possibility that ATP is a transmitter liberated at sensory nerve- 
endings is discussed. | 
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FACTORS INFLUENCING THE URINARY EXCRETION OF 
HISTAMINE IN THE RAT 


By C. W. M. WILSON* 
From the Department of Pharmacology, University of Edinburgh 
(Received 13 May 1954) 


Histamine is normally present in the urine in two forms, as free histamine and 
as conjugated histamine (Anrep, Ayadi, Barsoum, Smith & Talaat, 1944). The 
latter has been identified as acetyl histamine (Millican, Rosenthal & Tabor, 
1949). The injection of histamine increases the quantity of free histamine in 
the urine, and its oral administration increases the urinary excretion of 
acetyl histamine (Anrep et al. 1944; Adam, 1950). Histamine is also partly 
destroyed in the body, and appears in the urine as imidazoleacetic acid (Tabor, 
Mehler & Schayer, 1953). 

The urinary excretion of histamine in the rat is easy to measure, and pro- 
vides a method of investigating histamine metabolism and the factors which 
influence it. Previous workers have investigated the excretion of histamine 
after the administration of large doses to their experimental animals. In the 
present experiments, the urinary excretion of histamine in the rat was studied 
under conditions in which its metabolism was undisturbed by the introduction 
of histamine into the animal from outside the body. Histamine liberators 
increased the excretion of histamine under these conditions, and the activity 
of a number of such drugs has been compared by this means. This method 
enables the release of histamine to be measured in relation to any other 
pharmacological activity which they may have, and avoids the limitations 
necessarily imposed by studying their activity only in isolated tissues. 


METHODS 


Female albino rats aged 12-18 months and weighing 150-250 g were used. The urinary excretion 
of histamine was measured at half-hour intervals for several hours continuously. In order to 
initiate and maintain an adequate urinary output, the rats received a water load of 5% of their 
body weight by stomach-tube. This was repeated 30 min later, and after another 30 min each rat 
was given a volume of water equal to the volume of urine passed in the first hour. Thereafter 
a volume of water was administered at the end of each hour equal to that excreted during that 
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hour. The urine was collected at 30 min intervals in graduated tubes. Luke-warm distilled water 
was given to the rats through a rubber catheter passed into the stomach through a glass tube 
held in the rat’s mouth. Initially, emptying of the bladder at the end of the collection period was 
produced by holding the animal firmly round the chest until panting began, and the bladder was 
completely emptied. This was preceded by gently stroking the back of the animal's neck and 
holding the end of its tail. Subsequently, this milder form of stress was sufficient to cause reflex 
emptying of the bladder. A preparatory water load was given to the rats on the day before an 
experiment was performed, during which water was administered half-hourly for 3 or 4 hr. This 
trained the rats to swallow the stomach tube, and to sit quietly on their wire-mesh platforms over 
8 in. glass funnels, from which they were not moved throughout the experiment. No rat was used 
more than once for the investigation of a histamine liberator, since Feldberg & Talesnik (1953) 
have reported that the restoration of the histamine in the skin of rats which had been given 
compound 48/80 is not completed 40 days after the injection of the liberator. After the first hour, 
the urine volume remained fairly constant at about 6-10 ml. during each 30 min period. All the 
specimens of urine were kept after the first hour, their volumes measured, and their histamine 
contents estimated. Urine collections have sometimes been continued for 10 hr; throughout this 
period the urine volume remained remarkably constant and the rats showed no ill-effects as a 
result of the water administration. 

The routine assays of histamine were done on a guinea-pig’s ileum preparation, suspended in 
a 2 ml. bath of Tyrode solution, containing atropine sulphate in a concentration of 10~’. The 
assay was performed by introducing sufficient urine directly into the bath, to produce a response 
corresponding qualitatively and quantitatively to that produced by the standard solution of 
histamine diphosphate containing 0-2 ug of the base per ml. Mepyramine abolished the response 
of the ileum to the undiluted urine and also to the standard solution of histamine, and the responses 
returned together and equally. The response of the ileum to the urine in the presence of mepyramine 
was also tested after the injection of propamidine and compound 48/80 into the rats. The response 
disappeared in each case, and returned at the same time as that to the standard solution of 
histamine. Wilson (1954) has given evidence that the active substance in a 24 hr collection of rat’s 
urine, which caused the contraction of the guinea-pig ileum, was histamine. The present experi- 
ments with mepyramine provide evidence that the increased effect produced by urine from rats, 
after the injection of histamine liberators, is due to an increase in its histamine content. Through- 
out these experiments, only the excretion of free histamine in the urine has been considered. 

The histamine liberators were injected intraperitoneally in normal saline (0-9% NaCl solution), 
after three or four collections of urine had been taken to serve as controls. In the experiments in 
which the effect of adrenaline on the excretion of histamine was observed, it was necessary to 
destroy the adrenaline excreted in the urine before the histamine assay was performed. The 
following method was used. After its volume had been measured, solid sodium carbonate was 
added to the urine until its pH had been brought to 8. The urine was placed in a boiling water- 
bath for half a minute, and after it had cooled down it was ready for assay. In order to test the 
value of the method, adrenaline (10~*) was added to a solution of histamine (5 x 10~*) in Tyrode 
solution. After the treatment with sodium carbonate, the solution had the same action on the 
ileum as the same amount of histamine without the addition of adrenaline. Thus, after such treat- 
ment, adrenaline, in the concentrations to be expected in the urine, causes no interference with 
the assay of histamine. 

In the experiments in which the effects of alkylamines on the excretion of histamine were 
observed, the maximum concentrations of octylamine and decylamine in the urine could not have 
exceeded 3 and 15 ug/ml. respectively, even if the whole dose of each liberator was excreted within 
half an hour of its injection. Therefore the maximum possible concentrations of the liberators in 
the bath during the assays would be 0-3 ug/ml. of octylamine and 1-5 g/ml. of decylamine. When, 
in fact, octylamine or decylamine were added to the bath in these concentrations, no depression 
of the response of the guinea-pig ileum to histamine occurred. 

Histamine concentrations are expressed in terms of the base. Doses of histamine'liberators are 
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expressed in terms of propamidine isethionate, compound 48/80 chloride, adrenaline hydro- 
chloride, n-octylamine and n-decylamine bases. The alkylamine bases were injected as hydro- 
chlorides, prepared as described by Mongar & Schild (1953). 


RESULTS 
The urinary excretion of histamine 

The urinary excretion of histamine per 30 min period varied considerably 
between individual rats. The highest values obtained were in the region of 
4-5 wg and the lowest values were 0-4-0-5 ug. This individual variation made 
the results obtained from different animals difficult to compare. The results 
have therefore been expressed as percentages. The mean excretion during 
control periods has been taken as 100%, and the excretion for each period 
throughout the experiment has been expressed as a percentage of this mean. 
All experiments were done on pairs of animals unless otherwise stated, and the 
figures given are the means of these pairs. 


TasLe 1. Half-hour excretion of histamine in the urine. 0-5 ml. saline injected intraperitoneally 
at zero time. M.O. is the mean of the control values during the first 2 hr. 


Histamine Urine Histamine 
Time excretion volume concentration 
(hr) (ug) (ml.) (ug/ml.) 
-15 1-4 5-9 0-2 
-10 1-7 6-6 0-3 
2-0 6-6 0-3 
0 1-6 6-6 0-2 
0-5 1-6 5-2 0-3 
1-0 1-7 78 0-2 
1-5 15 4:8 0-3 
2-0 1-4 2-9 0-3 
2-5 1-7 73 0-2 
3-0 1-4 51 0-3 
3-5 1-0 4:5 0-2 
4-0 1-0 6-6 0-2 
1-0 4: 0-2 
5-0 1-0 5-8 0-2 
M.C, 1-7 6-4 0-3 


The excretion of histamine varied little during the first 5 or 6 hr in any 
experiment, but thereafter sometimes tended to diminish. The decrease was 
only observed in animals which initially had an excretion of more than 
1-5 ug/30 min period. A spontaneous increase in the histamine excretion was 
never observed. The intraperitoneal injection of saline did not increase the 
histamine excretion. This is shown in Table 1, which also shows the urine 
volumes and histamine concentrations during each period. 

The 24 hr volume of urine and histamine excretion were determined in two 
rats for 3 days. The mean excretions from the two animals were 26-1 ml. of 
urine and 101-6 ug of histamine per 24 hr period. The histamine excretion was 
determined in the same rats at 30 min intervals for 3 hr during a water load. 
The mean excretion from the two animals was 1-7 yg of histamine in 6-4 ml. of 
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urine/30 min period. If this quantity of histamine had been excreted through- 
out 24 hr, the daily excretion would have been 81-6g in 307-2 ml. of urine. 
There is no significant difference between the daily histamine excretion deter- 
mined in these two ways. This confirms the view (Anrep ef al. 1944) that the 
urinary volume does not influence the excretion of histamine. 

The intraperitoneal injection of histamine caused an immediate increase in 
the urinary excretion of histamine, which returned to normal again 1} hr after 
the injection. The experiment was performed on two rats, and the individual 
values for the histamine excretion from both rats are shown in Fig. 1. In all 


Histamine excretion (% of normal) 


15 1-0 05 0 0-5 1-0 15 2:0 25 3-0 
Time (hr) 
Fig. 1. The increased urinary excretion of histamine from two rats produced by the intra- 
peritoneal injection of 130 ug/kg of histamine at the time shown by the arrow. 


other experiments, the variation in the excretion between individual animals 
was similar. After intraperitoneal injection of 130ug/kg of histamine (20 g/ 
rat), 1-5g of histamine in excess of normal, calculated from the mean values 
of both animals, was excreted in 90 min. This corresponded to 7 % of the dose 


administered. This dose of histamine appeared to cause no discomfort or any 
pharmacological effects. 


The effects of histamine liberators 
The effects of intraperitoneal injections of propamidine and compound 
48/80, n-octylamine and n-decylamine have been investigated. Propamidine 
and compound 48/80 caused an increased excretion of histamine which closely 
resembled that produced by the injection of histamine itself. They both caused 
a rapid transient release of histamine into the urine, and the excretion had 
returned to normal 90 min later (Figs. 2, 3). Octylamine and decylamine also 
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Fig. 2. Effects of different doses of propamidine on the urinary excretion of histamine. 
Intraperitoneal injection of propamidine at the time shown by the arrow, 
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Fig. 3. Effects of the intraperitoneal injection of different doses of 48/80 on the excretion 
of histamine in the urine. Injection made at the time shown by the arrow. 
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caused an increased excretion of histamine which, however, reached its peak 
more slowly and lasted considerably longer (Figs. 4, 5). 

Doses of propamidine greater than 600 g/kg caused an apparent decrease 
in the excretion of histamine. A dose of 10 mg/kg caused haematuria and the 
excretion of histamine became less than the control values. In guinea-pigs 
40°% of the dose of an amidine is excreted in the urine after intramuscular 
injection (Fuller, 1945). If the excretion rate is similar in the rat, then the 
injection of 1-2 mg/kg of propamidine produced a maximum concentration of 
4x10~¢ in the bath during the assay of the urine for histamine. At this 
concentration a slight depression of the response of the guinea-pig ileum to 
histamine was observed, though no depression occurred at the concentrations 
produced by an injection of 600ug/kg of propamidine. The apparent decrease 
in the excretion of histamine when doses of propamidine greater than 600 ng/kg 
were injected is attributed to the antagonism of the excreted propamidine to 
the histamine contractions during the assay. 

Doses of 48/80 of 15 and 5 ug/kg did not produce any effect on the histamine 
excretion. Larger doses caused increased excretion of histamine, but increase 
of the dose caused no change in the duration of the response as shown by this 
method. Paton (1951) reported the appearance of a slow contracting substance 
in cat’s plasma 1 or 2 min after the injection of 48/80. No effects attributable 
to the presence of such a substance in rat’s urine were ever observed. No toxic 
signs attributable to the release of histamine were seen in the present 
experiments. 

Octylamine in doses similar to those used with compound 48/80 caused the 
liberation of histamine into the urine, but the time relations, course of the 
response, and quantity of histamine released were quite different. No response 
at all was obtained with a dose of 10yug/kg. With higher doses a delayed 
response occurred, lasting for several hours. Decylamine was found to be less 
active in this test than octylamine. Doses of 20 and 100yug/kg caused no 
increase in the excretion, but 500ug/kg caused a small but definite response 
whose course resembled that of octylamine. No toxic signs attributable to 
the release of histamine were observed after the injection of either of these 
drugs. 

In spite of the variability in the 30 min histamine excretion of different rats, 
a eomparison can be made between the activities of the different histamine 
liberators. It is assumed that all the histamine in excess of the mean control 
value excreted after the injection of the liberator is released by the liberator. 
The degree of this excess is related to the normal urinary histamine excretion 
(Emmelin, 1951), and has been expressed as a percentage of the mean control 
excretion. The quantities of histamine excreted and the periods over which the 
excretion occurred for each of the liberators are shown in Table 2. 
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Intraperitoneal injection of decylamine at the time marked by the arrow. 
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Taste 2. Urinary excretion of histamine caused by different histamine-liberators compared with that 
caused by injection of histamine. M.c., mean control value, 


Period Total Histamine 

prior to Total histamine release in 

maximum iod of M.C. excretion in exceas of 

Dose release release (ug/30 min excessofM.c. -M.c. as % 

Liberator (pg/kg) (hr) (hr) period) (ug) of M.c, 

Histamine 130 0-5 1-0 0-68 1-47 216 
60 0-5 10 1-39 0-57 41 
150 0-5 0-5 1-53 0-88 51 
600 0-5 1-5 1-80 3-60 200 
48/80 20 0-5 15 1-47 2-12 144 
50 0-5 15 1-99 3-50 176 
100 0-5 10 2-21 2-79 126 
n-Octylamine 20 10 4-0+ 0-65 1-33 204 
50 1-5 5-0 + 1-24 5-55 448 
100 5-5 + 5-5 + 0-37 3-62 978 
n- Decylamine 500 10 2-5 2-70 2-62 97 


Adrenaline as a histamine liberator 

An increase in the urinary excretion of histamine occurred in the intact rat 
about an hour after the intraperitoneal injection of adrenaline. In all the 
experiments in which the effect of adrenaline on the urinary excretion of 
histamine was observed, the adrenaline excreted in the urine was destroyed 
before the histamine assay was performed. Different doses of adrenaline all 
caused increases in the excretion of histamine, which began }~1 hr after the 
injection, gradually increased, reached a plateau, and then diminished again 
(Fig. 6). 

The rats which received doses of 37 ng/kg often developed haematuria and 
the urine volume was always reduced for an hour following the injection. With 
larger doses these effects became more severe. Increased excretion of histamine 
occurred in four of the six rats which received 37 ug/kg of adrenaline. With 
the larger doses, increased excretion of histamine always occurred. The effect, 
however, was not very large, and the largest dose of adrenaline investigated 
(370 g/kg), only increased the excretion to 190° of normal 5 hr after the 
injection. 

During the first hour after the injection of 120 wg/kg of adrenaline an increase 
in the urinary excretion of histamine occurred, although the volume of urine 
was diminished (Fig. 7). Thereafter the urine output remained fairly constant, 
and the urinary concentration of histamine remained high. Thus the increase 
in the excretion of histamine was due to an increase of the concentration of 
histamine in the urine, which lasted for about 6 hr. 


DISCUSSION 
These experiments show that under conditions which are physiological, apart 
from the administration of a water load, the histamine liberators cause the 
release of histamine in measurable quantities into the urine of the rat. The 
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Fig. 6. Effects of different doses of adrenaline on the excretion of histamine in the urine. 
Adrenaline given by intraperitoneal injection at the time shown by the arrow. Numbers of 
rats used in each experiment shown in the figure. 
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Fig. 7. Changes in the urinary excretion and concentration of histamine, and the volume of urine 
passed, following the intraperitoneal injection of 120yg/kg of adrenaline at the time shown 
by the arrow. All the values are expressed as percentage of the mean control values. 
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experiments therefore gave a quantitative measure of the way in which a 
normal animal reacts to a histamine liberator, and provided a method of 
comparing the effects of different liberators under the same experimental 
conditions. 

Anrep et al. (1944) could find no relation between the amount of histamine 
injected into the dog, and the quantity excreted in the urine. However, they 
used doses of histamine which produced anuria, and they concluded that the 
excretion of free histamine was related to the period of anuria which followed 
the injection, being greater in those animals in which the suppression of urine 
flow was short. The albino rat was used in the present experiments because, 
compared with other animals, it is relatively resistant to the effects of hist- 
amine, and this tolerance is not based on its conjugation or destruction 
(Millican et al. 1949). Emmelin (1951) has shown that injected histamine 
disappears very quickly from the plasma, and enters the tissues in the cat. 
His experiments showed that removal of the kidneys and other abdominal 
viscera, excluding the liver, considerably reduced the rate and completeness of 
the removal of the histamine from the plasma. This observation confirms the 
suggestion of Best & McHenry (1930) that the kidneys and intestinal mucosa 
are of importance in the inactivation of histamine. Emmelin (1951) further 
showed that the kidney removed large amounts of histamine from the blood 
passing through it. Samples of urine collected from the ureter while histamine 
was being infused into the renal artery showed that doses of histamine large 
enough to cause a fall of blood pressure in the cat, also caused the excretion 
of histamine in the urine. Small doses of histamine did not cause any excretion 
of histamine, but, when a threshold dose had been reached, increasing the 
dose of histamine which was being injected into the artery caused the excretion 
of histamine in the urine. 

Several of these observations are supported by the present experiments. 
It was found (see Anrep et al. 1944) that, provided the flow of urine was 
adequate, the excretion of histamine was not affected by the volume of urine 
passed. The rapid excretion of histamine following its intraperitoneal injection 
shows that when the histamine is present in the tissues in a form which can be 
excreted in the urine, it is rapidly excreted in this fashion. Wilson (1954) found 
that 23% of the dose administered was recovered in the urine of rats 
which had received 40 mg/kg of histamine by subcutaneous injection. In the 
present experiments only 7° was recovered from rats which had received 
0-13 mg/kg by intraperitoneal injection. These observations are consistent 
with those of Emmelin (1951), and show that in the rat the urinary excretion 
of histamine is dependent on the concentration of histamine in the body, 
provided that this histamine is in a form which can be excreted, and is present 
in the blood in a concentration great enough to be excreted by the kidney. 
Since, in these experiments, there was little variation in the output of urine, 
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it was considered justifiable to accept the quantity of histamine excreted in 


the urine as a measure of the activity of the histamine liberators. Adrenaline 
is an exception, but in view of its other effects it is necessary to consider the 
results of these experiments with caution. 

Doses of the histamine liberators were used which would produce a release 
of histamine into the urine comparable to that produced by the intraperitoneal 
injection of a dose of histamine, which could be easily assayed, and which 
produced no toxic effects on the rats. The excretion of an injected dose of 
histamine provided not only a standard quantitative response, but a standard 
qualitative response also. It was assumed that a liberator which caused in- 
creased excretion of histamine in the urine with the same type of qualitative 
response a8 was produced by histamine itself, must have caused an immediate 
release of histamine, which was quickly absorbed into the blood in a form 
resembling injected histamine, and excreted in the urine in the same manner. 
A quick and transient rise in the excretion of urinary histamine resulted. 
These conclusions are supported by those of Rose & Browne (1938), who 
reported that 3 hr after the intravenous injection of histamine in the rat, the 
histamine content of all the tissues had almost returned to normal. Emmelin 
(1945) has shown that injected histamine can be detected in the plasma in 
a physiologically active form. MacIntosh & Paton (1949) have shown that the 
injection of propamidine and other histamine liberators causes a fall in blood 
pressure in the cat and the liberation of histamine into its plasma. Thus it 
appears that in both types of experiment physiologically active histamine is 
released into the plasma before it passes into the urine. In the present experi- 
ments it is clear that it made little difference to the time course of the urinary 
excretion of the histamine whether it was given by injection or was liberated 
by propamidine or 48/80 from the tissues of the rats. 

The relatively constant excretion of histamine in each 30 min period per- 
mitted even small increases in the excretion to be observed under the experi- 
mental conditions employed. Although the excretion might vary considerably 
between individual rats, the mean excretion from two or more rats remained 
almost the same during each experiment, and from day to day. This confirms 
of Emmelin (1945), who found little variation in the plasma 
histanyine of the rat over long periods. 
amidine and compound 48/80 both caused a transient and rapid release 
of histamine, compound 48/80 being considerably the more powerful. On the 
other hand, the alkylamines caused a prolonged release of histamine which 
differed radically from the explosive type of release characteristic of 48/80 and 
other histamine liberators (Feldberg & Paton, 1951). These differences in the 
time courses of the responses to various histamine liberators make it difficult 
to determine the relative potencies of the drugs. Nevertheless, it is interesting 
to compare the relative potencies of the alkylamine series by this method of 
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assay with comparable figures obtained by other workers using other methods. 
Such results are shown in Table 3. Thus, Mongar & Schild (1953), testing 
histamine liberators on minced guinea-pig lung, found maximal activity at 
chain length 10, and no activity at chain length 18; McIntyre, Roth & Sproull 
(1951), examining the release from rabbit blood corpuscles, found maximum 
activity at chain length 18, and no activity at chain length 12. In the present 
experiments the ratio of the activity of octylamine to decylamine was 50:1, 
whereas Mongar & Schild (1953) found a comparable ratio of 3:4, although in 
both methods 48/80 had similar activity relative to the most potent of the 
alkylamines. It therefore appears that although chain length greatly influences 
the potency in any one test object, even greater differences exist in the potencies 
of these compounds on different tissues and species. 


Tasie 3. Comparison of the histamine-liberating activity of the alkylamines and compound 
48/80 under different experimental conditions 


The results of each group of workers have been expressed in terms of the most active compound 
which is arbitrarily graded as 100. 


McIntyre, 
Alkylamine Mongar & Schild Roth & — Present 
no. of C atoms (1953) (1951) experiments 

8 74 —_ 100 

10 100 —_ 2 

12 56 0 — 

14 7 — She 

16 8 

18 0 100 — 
Compound 48/80 15 — 13 


The injection of adrenaline caused haematuria and vasoconstriction, which 
disappeared before the histamine excretion returned to normal. The vaso- 
constriction would probably be responsible to some extent for the slowness of 
the increase in the histamine excretion, since the local vasoconstriction would 
cause a delay in the distribution of the adrenaline to its target organs. The 
injection of adrenaline also caused temporary oliguria. According to Anrep 
et al. (1944) oliguria would reduce the excretion of histamine, and probably 
allow increased destruction of histamine in the tissues of the rat. Thus, 
adrenaline is probably capable of releasing more histamine than it actually 
did in these experiments. 

The doses of adrenaline used were large when compared with those used by 
some of the other workers (Mongar & Whelan, 1953; Staub, 1946; Koch & 
Szerb, 1950; Kichler & Barfuss, 1940), who, however, gave adrenaline by 
continuous infusion. It appears that, even if in the intact animal and in high 
doses, adrenaline causes a release of histamine, it is not a liberator of histamine 
under physiological conditions. Adrenaline, in these experiments, was there- 
fore not found to be a histamine liberator with the characteristics of propam- 
dine and compound 48/80. Koch & Szerb (1950) showed that the perfusion of 
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the lungs of white rats with adrenaline caused the release of histamine into 
the perfusion fluid. Even when the fluid did not contain any haemolysed cells, 

they found that it contained histamine within 10 min of starting the perfusion. 

The pharmacological release of histamine observed in the present experiments 
probably occurred because large doses of adrenaline were used, and the experi- 

ments were continued for 8 hr. Both these factors would increase the chance 
of detecting histamine release in the intact animal by a weak liberator which 
also had other actions including that of vasoconstriction. It is possible that 
Kichler & Barfuss (1940) observed the prolonged release of histamine in the 
cat for the same reason. This may explain why Mongar & Whelan (1953) did 
not observe a physiological release of histamine with smaller doses in the 
human being. 

SUMMARY 

1. The urinary excretion of histamine has been measured at half-hourly 
intervals in rats following a water load. The changes produced in this excretion 
by the injection of histamine liberators have been used to measure the activity 
of these substances, 

2. The excretion remained reasonably constant over periods of 5hr or | 
longer, and altered little from day to day. The volume of urine passed did not 
influence the excretion of histamine. The excretion of a proportion of the dose 
of injected histamine was complete in | or 2 hr. 

3. Compound 48/80 and propamidine cause a transient and rapid release of 
histamine comparable to that produced by histamine itself. 

4. Octylamine caused a considerable and prolonged release of histamine. 
The quality of release produced by decylamine was similar, but it was a much 
less efficient releaser of histamine. 

5. Large doses of adrenaline caused a delayed but prolonged release of 
histamine which was not so great as that produced by octylamine. 

6. Some aspects of the metabolism of histamine, and the factors which 
influence the assay of histamine liberators in the normal intact animal, are 
discussed. 

This work was done during the tenure of a Medical Research Council Fellowship in Clinical 
Research. I wish to express my gratitude to Prof. J. H. Gaddum for allowing me generous 
facilities in his department, and for his continued interest and advice throughout the whole of the 
work, I am greatly indebted to the following firms for generous supplies of their products during 
these investigations: May and Baker, Ltd., for propamidine isethionate; The Wellcome Research 
Institution, for compound 48/80. 
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THE EFFECT OF NITRATE ON THE ACTIVE STATE 
OF MUSCLE 


By J. M. RITCHIE 
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The inherent response of the contractile material of muscle to a stimulus, the 
| active state, is abrupt and reaches its full extent immediately at the end of the 
latent period; at this time the contractile material is capable of exerting the 
same tension in response to a single stimulus as it does in a tetanus (Hill, 1949). 
But the development of tension by whole muscle in an isometric contraction is 
gradual, because there is a series elastic component which must be stretched 
while tension is being developed and the rate of this stretching is limited by 
the relation between force and velocity of shortening of the contractile material. 
For a tetanus, where the successive elements of the stimulus maintain the 
active state at its full extent for the period of stimulation, Hill (1949) has shown 
that the form of the isometric myogram depends only on the stress-strain rela- 
tion of the series elasticity and on the characteristic relation between force and 
velocity of shortening. In a single maximal twitch a third factor is involved, 
‘ for the active state begins to decay very soon after it has been established 
(Hill, 1949, 1953a; Macpherson & Wilkie, 1954; Ritchie, 1954). Thus, the 
myogram in a twitch quickly diverges from that in a tetanus (Macpherson & 
Wilkie, 1954) and the tension developed is usually only a fraction of that in 
a tetanus. 

Any change in the maximal twitch response of a muscle must be a reflexion 
of a change in one or more of these three factors determining the shape of the 
myogram, Adrenaline, for example, causes an increase in the twitch tension 
of unfatigued mammalian muscle. Goffart & Ritchie (1952) concluded that the 
most plausible explanation was that adrenaline caused a prolongation of the 
time course of the active state and suggested that such a prolongation might 
' also account for the effects of other means by which the single maximal twitch 
| can be increased: e.g. addition of caffeine or of potassium, previous activity, 
or the application of high pressure. Their evidence was of necessity indirect, 
because they could not use the quick-stretch technique employed by Hill 
(1949) on frog’s muscle at 0° C to obtain the form of the active state curve, as 
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this procedure is difficult to apply to the more rapid mammalian muscle 
(Hill, 1951). 

In the present experiments the effects of the nitrate ion and of caffeine on 
the shape of the active state curve have been studied. Both are known to 
augment the contraction of single maximal twitches (Kahn & Sandow, 1950; 
Goffart & Ritchie, 1952). Two series of experiments were made. In the one, the 
earliest time after the last stimulus in a tetanus at which a fall in tension could 
be detected was measured; this time can be taken to be that at which decay 
set in of the active state elicited by a single stimulus (Ritchie, 1954). In the 
other, the time course of the active state during its phase of decay was deter- 
mined by applying quick releases to an isometrically contracting muscle at 
various times after a single stimulus and studying the subsequent redevelop- 
ment of tension. It will be shown later (see p. 163) that the peaks of the family 
of tension/time curves so obtained lie on the active state curve. The use of 
these two types of experiment allowed the active state curve to be studied over 
the greater part of its time course. Both the nitrate ion and caffeine were 
found to prolong the active state in much the same way as was postulated for 
adrenaline. 


METHODS 


All experiments were done at 0° C on the frog’s sartorius muscle mounted on a multi-electrode 
stimulating assembly (Hill, 1949), by means of which the muscle could be directly stimulated at 
many points on its surface simultaneously. The muscle was bathed throughout the experiment in 
Ringer’s solution (NaCl 0-675 %, KCl 0-015 %, CaCl, 0-040 %, w/v) except when this was changed 
for a solution in which all the NaCl had been replaced by NaNO, (0-982%, w/v). Both solutions 
contained 1/50,000 tubocurarine chloride (w/v). The solutions were brought to the same pH, about 
7-0 as far as could be measured with a phenol-red indicator, by the addition of sodium phosphate 
buffer (0-008 g P/100 ml.). The muscle was connected by a fine, straight copper wire to a tension 
recorder, a piezo-electric crystal (Ritchie, 1954) whose time constant was sufficiently large for its 
effect in the records to be ignored ; in some experiments the crystal was replaced by an RCA 5734 
mechano-electronic transducer valve. The voltage output from the recorder was fed to an RC or 
to a directly coupled amplifier, depending on the experiment, displayed on a cathode-ray oscillo- 
graph, and photographed. 

In the quick-release experiments, where the redevelopment of tension after quick releases at 
various phases of the twitch was studied, the copper wire attached to the muscle was connected to 
the end of a light isotonic lever: this-in turn was joined by a short flexible connexion to the tension 
recorder. The lever, and the wire hanging from it, were balanced by a weight close to the fulcrum: 
the equivalent mass of the whole system at the point of attachment was about 125 mg. A stiff 
brass arm, carried on the armature of a magnetic relay, was engaged with the end of the lever. The 
muscle was held at a length about 10% longer than its standard length (the greatest in the body) 
and there was an equal amount of slack in the connexion between the end of the lever and the 
tension recorder. During an experiment the muscle was stimulated on the opening of a key by 
a Keith Lucas pendulum and the muscle contracted isometrically against the stop on the lever. 
At a variable time afterwards, the lever was released on the opening of a second key by the 
pendulum. The muscle then shortened isotonically under zero load until the slack between the lever 
and tension recorder was taken up, after which isometric tension developed and was recorded. 
The frequency of stimulation at which fusion of the mechanical response is judged to occur 
depends on the sensitivity of the tension recorder. In the experiments to be described in the first 
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section of the results, where it was possible to detect a fall in tension of Jess than 2 mg in a con- 
traction of about 80 g, i.e. about 0-002 % of the total developed tension, fusion did not occur until 
the frequency of stimulation was more than 40-50 shocks/sec. However, in the experiments of 
subsequent sections of the results, where the whole of the tetanic tension curve was recorded and 
the sensitivity of the recorder was low, 12 shocks/sec were sufficient to give a maximum, ap- 
parently fused response. 


> 


Fig. 1. Records of tension/time curves of frog’s sartorius at 0 C during and after terminal stages 

of tetanus. A: in Ringer’s solution; B: after soaking for 15 min in nitrate solution; C: after 

@ further 15 min in Ringer's solution. In each record the interrupted vertical line marks the 

position of the last stimulus and the small vertical bar indicates the earliest time at which 

a fall in tension is detected. Upper trace in each record: 300 c/s time with pips to indicate 

the stimuli. Tension calibration: 50 dynes. 

RESULTS 
The effect of nitrate on the onset of decay of the active state 

In the first series of experiments the muscle (at 0° C) was connected directly 
to the crystal: the amplifier had a time constant of about 100 msec and its gain 
was such that a change in tension of a few mg could easily be detected. Tetani 
of just over 1 sec duration at a frequency of about 55 shocks/sec were given at 
15 min intervals. Photographs were made of the tension/time curve during 
and after the terminal stages of the tetani: the time after the last stimulus of 
the tetanus at which tension first began to fall was then measured. Two such 
tetani were given to allow the muscle to reach a steady state. After the second 
tetanus, the bathing fluid was changed and the next record obtained is shown 
in Fig. 1 A. The Ringer’s solution was then replaced by one where all the sodium 
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chloride had been replaced by an equivalent amount of sodium nitrate. Fig. 1B 
shows the record obtained after the muscle had been soaked in the nitrate 
solution for just under 15 min. The solution was again replaced by Ringer’s 
solution and, after a further 15 min, the record shown in Fig: 1C was made. 

These records show that the time at which a fall in tension can be detected 
after cessation of stimulation is increased while the muscle is soaking in nitrate 
solution and that the effect is reversible. In the experiment of Fig. 1, the 
times after the last stimulus at which relaxation occurred (marked by vertical 
bars) were 32 msec at the beginning of the experiment, 45 msec while soaking 
in nitrate, and 33 msec 15 min after the nitrate had been replaced by Ringer’s 
solution. For five muscles the corresponding mean times were 32, 43 and 
37 msec, the standard errors of the means being about 1 msec. These times 
can be taken to indicate the moments at which decay in the active state 
occurred (Ritchie, 1954). 


The effect of nitrate on the falling phase of the active state 

In the quick release experiments a directly coupled amplifier was used and 
the tension recorder was the RCA 5734. The experimental procedure adopted 
was as follows. Beginning soon after the muscle was mounted, it was stimulated 
throughout the experiment with single maximal shocks at a rate of 1/min. 
After about an hour, whilst stimulation continued, quick releases were given 
10, 40, 60, 100, 175, 250 and, occasionally, 400 msec after consecutive stimuli. 
A family of five records so obtained, together with a record of the ordinary 
isometric twitch of the muscle at its standard length (top record), is shown in 
Fig. 2. Ten min after the series of quick releases had begun, a short tetanus at 
about 12 shocks/sec was given and the tension recorded. The whole experiment 
was then repeated once or twice before the Ringer’s solution was replaced by 
the nitrate solution. A new series of records was then made, beginning 15 min 
after soaking in the new solution, and finally two further series were usually 
made when the nitrate solution had again been replaced by Ringer’s solution. 
The timing in these experiments was accurate so as to allow a steady state to 
be maintained; the beginning of any individual series followed the beginning 
of the preceding by 25 min and the latest tetanus by 15 min. 

The peak tension developed in each record of a series was then plotted 
against the time it took for this tension to develop. In Fig. 2 these points are 
indicated by vertical bars. It will be shown (see p. 163) that these points must 
be on the curve of the active state. A curve drawn through these points thus 
gives the tail of the active state curve. The full extent of this curve is, of course, 
equal to the maximum tetanic tension which was always determined. When 
two or three successive series of quick releases experiments were performed in 


Ringer’s solution and the results plotted in this way, all points were found to 
be on the same curve. 
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Fig. 3 shows two such active state curves from the same muscle. Curve A 
was obtained whilst the muscle was in Ringer’s solution and curve B whilst it 
was treated with nitrate. The isometric myograms of the single twitches at the 
standard length are shown for both curves. As seen from the figure, the twitch 
tension developed in the nitrate solution was about 10% larger than that in 
Ringer's solution and there was an increase of about 22° in the contraction 
time. Experiments were done 6n nine different muscles. In all, the twitch 
tension and contraction time, after soaking in nitrate solution, were increased 


/ / 4 50g 


Fig. 2. Records of tension/time curves of frog's sartorius at 0° C. Standard length: 37 mm; 
weight: 129 mg. The stimulus begins the time base and is locked to the oscillator producing 
the brightness modulation of the trace (at 50 c/s). Top record is ordinary isometric twitch at 

_ standard length. Subsequent records have been preceded by quick releases of about 3 mm to 
the standard length timed at about 10, 40, 60, 100 and 175 msec after the stimulus: a record 
with a quick release at 250 msec after the stimulus and completing the series was taken on 
another film and is not shown here. The vertical bars mark the peaks of the contraction 
curves. Tension calibration: 50 g. The tetanic tension was 75 g. The blobs at the beginning 
of some of the records are the result of mechanical vibrations following the quick release. 


by an average of 5 and 18% respectively, and the whole of the active state was 
prolonged. After the nitrate had again been replaced by Ringer’s solution, 
there was always large, almost complete, recovery. 

When the muscle was kept in the nitrate solution for longer than 15 min, 
there was little further prolongation in the active state curve. This result is con- 
sistent with the finding that the increase in twitch tension caused by the nitrate 
solution is maximal within a few minutes. When records of the twitch were 
taken every 1 or 2 min, it was found that the onset of the nitrate effect was 
rapid and the full extent reached by about 5 min. This is shown in Fig. 4, for 
the effects on the maximal twitch tension and on the contraction time. A simi- 
lar result was found by Kahn & Sandow (1950) in experiments at 25° C. 

In all experiments the stimulus was of about 2 msec duration and there was 
little change in the threshold in Ringer’s solution throughout the experiment. 
The stimulus strength used was almost always about 10 times this threshold ; 
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when it was doubled or reduced slightly, there was no detectable change in the 
active state curves obtained in Ringer’s solution or in nitrate solution. The 
stimulus used could therefore be considered as maximal. 
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Time after stimulus (msec) 


Fig. 3. Active state curves of frog’s sartorius at 0° C at standard length, 34 mm. Weight of muscle: 
127 mg. Curve A: in Ringer’s solution; curve B: after soaking for 15 min in nitrate solution. 
The interrupted parts of the lines mark the region of curves not obtained experimentally. 
The ordinary isometric twitches at the standard length are shown both for the muscle in 
Ringer’s and in nitrate solution. The ringed points in both curves represent the peaks of the 


twitch contractions 


which had quick releases applied at 100 msec after the stimulus. 


The effect of nitrate on tetanic tension 


The effect of nitrate on tetanic tension was difficult to ascertain because, 


even in Ringer’s solution, there was a gradual, slight decrease in the tension 
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developed in successive tetani. However, the decrease became definitely 
greater when the muscle was soaked in nitrate solution. In order to give 
a quantitative measure to the nitrate effect, three (occasionally two) successive 
tetani were made with the muscle in Ringer’s solution; the decline in tension 
gave a falling base-line to which the tension developed during a tetanus in 
nitrate solution was referred. The nitrate effect could then be measured, and 


amounted to a decrease in tension varying in thirteen experiments between 
3 and 15% (mean value 7°). 


300 


Maximum twitch 
tension (g) 


Time (min) 


Fig. 4.. The effect of nitrate on the time courses of the maximum twitch tension (solid circles) 
and the time after the stimulus at which this tension is reached (open circles) in a frog’s 
sartorius at 0° C. Records of the twitch were made every minute. At the arrow the Ringer's 
solution bathing the muscle was replaced by nitrate solution. 


The effect of caffeine on the active state 


In the few experiments in which caffeine (final concentration, 6 x 10-°, w/v) 
was added to the bath, the ordinary isometric twitch was found to be aug- 
mented, the active state curve prolonged, and the duration of the plateau 
of the active state increased. The effect of caffeine differed from that of nitrate 
in that recovery was much slower and less complete when the caffeine was 
removed, and in that a definite reduction of tetanus tension occurred only in 
two of the six experiments: in the others it remained unchanged. The irregular 
reduction of tetanic tension with caffeine had already been observed by 
Hartree & Hill (1924). 
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The effect of muscle length on the actwe state 


The length of the muscle in all experiments so far described was the standard 
length, i.e. the greatest in the body. Although the length of the whole muscle 


was kept constant, a variable amount of shortening of the contractile com- 
ponent against the series elasticity must have occurred during the isometric 


twitches; the greater the tension developed, the greater this shortening. For 


100 


| 
200 400 
Time after stimulus (msec) 
Fig. 5. Active state curves of frog’s sartorius at 0° C. Standard length: 35 mm; weight: 162 mg. 


Circles: curve taken at standard length ; triangles: at 3 nme lees than stendard length; squares: 
at 3 mm greater than standard length. Interrupted lines as in Fig. 3. 


example, in the experiment of Fig. 2, the greatest amount must have occurred 
in the top record and the least in the bottom. The curves plotted in Fig. 3, 
thus, do not represent the active state at a fixed length of the contractile 
material. 

These considerations led to experiments where active state curves were 
obtained not only at the standard length but also at muscle lengths about 
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3mm greater and about 3 mm less. These curves are shown in Fig. 5. It is 
clear that the duration of the active state was dependent on the musele length. 
Five such experiments were done which all gave a similar result: the shorter 
the muscle, the smaller was the duration of the active state. In three of these 
experiments the effect of nitrate on the active state was determined at the 
standard length and at the short length. Nitrate prolonged the active state at 
both lengths and increased the ordinary isometric twitch, but at the shorter 
length this increase was more than twice that at the standard length. 


DISCUSSION 


The method used in the present experiments to determine the active state 
curve is based on the assumption that this curve crosses the isometric 
myogram when the latter has reached its peak. The reasons for making this 
assumption are as follows. The intensity of the active state can be measured 
at any moment by the tension which the contractile material can maintain at 
that moment when neither shortening nor lengthening. In the early stages of 
contraction, when the intensity of the active state is high, the tension in the 
whole muscle rises towards it as fast as the force/velocity relation of the con- 
tractile material and the stress/strain characteristic of the series elastic com- 
ponent will permit. During the later stages of the contraction in a twitch, 
the active state has begun to decay and the rate of development of muscle 
tension falls below that found at a corresponding time in a tetanus; and when 
the intensity of the active state in the twitch has fallen to a value equal to the 
tension developed by the muscle, there can be no further increase in tension. 
After this time the active state continues to decay and muscle tension decreases, 
but at a slower rate than the active state because the elastic component is now 
stretching the contractile material. The moment at which the tension curve 
stops rising and begins to fall is, thus, the time at which the active state curve 
crosses it. It must be remembered, however, that the active state curves 


_ obtained on these grounds (e.g. Figs. 3 and 5) do not relate to a fixed length of 


the contractile material because no correction has been made for the variable 
amount of internal shortening of this material against the series compliance 
occurring in the quick release experiments. 

The fact that the active state decays much more rapidly than muscle tension 
falls was first shown by Hill (1949). The present experiments give quantitative 
information about these changes. In the experiment illustrated in Fig. 3A, the 
peak of the tension curve occurred at about 200 msec after the stimulus; at 
this time the intensity of the active state was about 80% of its maximum. 
During the next 120 msec the intensity of the active state fell to less than 10% 
of its maximum, whereas the twitch tension had scarcely fallen. Similar 
experiments on 13 muscles showed that, at an average time of 340 msec after 
the stimulus, when the intensity of the active state had fallen to 5% of its 
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maximum, the tension by the muscle was, on the average, still 85°% of the 
maximum twitch tension. The rapid decay of the active state, and its virtual 
disappearance about 350 msec after the stimulus, do seem to be related to 
the heat production of muscle. Up to the time that the maximum twitch 
tension is developed heat is produced by the muscle, rapidly at first and at 
a gradually decreasing rate in the latest stages. But after about 300-400 msec 
from the stimulus, no heat whatever is produced (Hill, 19536). Such a corre- 
spondence in the time courses of the heat production and the active state 
occurs presumably because both are signs of the chemical reactions underlying 
a muscular contraction. 

Both the nitrate ion and caffeine prolong the duration of the active state of 
muscle. This was shown to be true for the first part of the curve by the experi- 
ments where the beginning of fall in tension after a tetanus was measured, and 
for the last part of the curve by the quick release experiments. To obtain the 
intetmediate part of the active state curve, i.e. the interrupted lines in Figs. 3 
and 5, the quick stretch technique of Hill (1949) would have to be used. It is 
unlikely that this method would have yielded additional information of any 
great usefulness, because the present methods, when used together, allow the 
greater part of the active state curve to be studied. In the intermediate regions 
the two curves of internal activity are probably closer together than in the 
later stages, as indicated in Fig. 3, and therefore it might be difficult to resolve 
any difference in the two curves by the quick stretch technique. 

A prolongation of the active state must augment the twitch tension because 
of the longer time allowed for the contraction to develop. But this might not 
be the only factor involved in the augmentation of the twitch seen in a muscle 
treated with nitrate solution or caffeine, because the form of the twitch is also 
dependent on the relation between force and the velocity of shortening of the 
contractile material which, according to Sandow & Mauriello (1953), is affected 
by nitrate ions. They analysed their results in terms of the characteristic 
equation, determining the relation between the force P which a muscle exerts 
and the velocity vat which it shortens: in thisequation, (P +) (v+6) =constant, 
P, is the maximum isometric tension and a and 6 both constants. They found 
that the nitrate ion caused an increase of about 50°%, in both a/P, and b, and 
that there was little change in P, and in the maximum velocity of shortening. 
This means that for any tension in the muscle between zero and P, the velocity 
of shortening, against an isotonic lever or against the series elastic component, 
would be greater in nitrate than in Ringer’s solution. The rate of development 
of tension in a twitch would thus be larger in the treated muscle and the 
twitch tension would increase. It might be unwise to compare the results of 
their experiments too rigorously with the present ones because they found no 
increase in the twitch contractions at 0° C, whereas in the present experiments 
these contractions were always augmented in the nitrate solution. In addition, 
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they mention that the nitrate ion has been found to increase slightly the tetanic 
tension of a muscle at 25° C (Kahn & Sandow, 1950), but it is not clear whether 
or not the same effect was found in their own experiments at 0° C, Although 
a change in the force/velocity relation such as they describe would increase the 
maximum twitch tension, this tension would be reached at an earlier time, 
whereas in the present results the contraction time was always found to be 
increased. Such an effect on the force/velocity relation cannot therefore 
account for the increased twitch tension in nitrate solution. 

The effect of nitrate occurs within a few minutes. This time would be insuffi- 
cient for the nitrate ions to penetrate the muscle cells. In the present experi- 
ments the full effect of nitrate on both contraction time and twitch tension 
was reached in about 5 min, as shown in Fig. 4. According to Levi & Ussing 
(1949), the half renewal times of the chloride ions in the intercellular space 
and inside the cell are 2 and 10 min respectively for the frog’s sartorius. 
These times should be longer for the hydrated nitrate ion, for it is larger than 
the hydrated chloride ion and the muscle membrane seems to be less permeable 
to it than to the chloride ion (Conway & Moore, 1945). It is thus unlikely that 
in 5 min the nitrate ion has had time to penetrate further than the intercellular 
spaces to any large extent. It was therefore rightly argued by Kahn & Sandow 
(1950) that the nitrate ion acts on the muscle membrane. The conclusion that 
the effect of nitrate on muscular contraction is not one directly on the con- 
tractile material, but is mediated by a change produced by nitrate on the 
membrane, raises the interesting problem of the relation between the electrical 
and mechanical response of muscle. If changes in the membrane can affect the 
active state of a muscle, it may be that membrane changes as recorded in the 
action potential, for example the after-potential, reflect the active state. The 
nitrate ion is known to produce one change at the membrane, a lowering of its 
threshold to electrical excitation (Chao, 1935; Kahn & Sandow, 1950); but it 
is unlikely that this accounts for the augmenting effect of nitrate on the twitch 
response either by recruitment of new fibres, because the effect is obtained 
with maximal stimuli, or by repetitive firing as there is no sign of this in 
records of the action potential obtained by Kahn & Sandow (1950). 

A clue to the relation between the heat production and the mechanical 
response of a muscle might be obtained from a comparison of the effects of 
nitrate or caffeine on both of them. Hartree & Hill (1924) found that caffeine, 
which has been shown in the present experiments to prolong the duration of 
the active state, increases the heat production—by about 25 % for the aerobic 
initial heat; but they used a concentration of caffeine about 10 times as high 
as that used in the present experiments, and with these large concentrations 
contracture of the muscle occurs sooner or later. Unfortunately the effect of 
nitrate on heat production is unknown. 

At higher temperatures nitrate has a much greater effect on the twitch 
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contraction than at 0° C and may cause a severalfold increase in tension 
(Kahn & Sandow, 1950; Hill & Macpherson, 1954). This pronounced effect of 
nitrate may well be explained, on the assumption that nitrate causes a pro- 
longation of the active state at the higher temperatures similar to that shown 
in Fig. 3 for a muscle at 0° C but with an appropriate alteration in the time 
scale. The tension in a muscle in Ringer’s solution reaches a maximum which 
is smaller than the maximum tetanic tension, because the velocity of shortening 
of the contractile material is low enough for the development of tension to be 
curtailed by the decay of the active state which begins soon after stimulation; 
this limitation of tension development is greater the higher the temperature, 
because the temperature coefficient of the velocity of shortening seems to be 
substantially less than that of the decay of the active state (Hill, 1951). Thus, 
in a muscle at 0° C, the active state elicited by a single stimulus does not decay 
much during the time that twitch tension develops, as shown in Fig. 34, 
whereas, say, at 20° C the active state decays rapidly throughout a large period 
of tension development: this is reflected in the large twitch/tetanus ratio found 
at 0° C, and the small ratio at 20° C, 0-68 and 0-22 respectively (Hill, 1951). 
Therefore, because the decay of the active state is a major factor in determining 
the form of the single isometric twitch at a high temperature and a relatively 
minor factor at 0° C, nitrate, whose main action is to impede this decay of the 
active state, has a large effect on the twitch of a muscle at a high temperature 
and only a small effect at 0° C. 

The effect of nitrate on maximum twitch tension at 0° C was found to be 
greater at a short muscle length than at the standard length. This influence 
of length on the effect of nitrate may be accounted for in the same way as for 
the influence of temperature, because although the duration of the plateau of 
the active state is independent of length (Macpherson & Wilkie, 1954; Ritchie, 
1954) the rate of decay of the active state seems to be larger, the shorter the 
length of the muscle, as illustrated in Fig. 5. Nitrate is thus more likely to have 
a larger effect at short than at long muscle lengths. 

An effect similar to that produced by an increase in temperature is obtained 
when the effect of nitrate on the development of tension is examined at 0° C 
after a quick release. In Fig. 3 the two ringed points on the active state curves 
represent the maximum tension obtained from records of single isometric 
twitches each of which was preceded by a quick release; both records were 
made under identical experimental conditions except that one was obtained 
while the muscle was in Ringer’s solution (ringed solid circle) and the other 
while in nitrate solution (ringed open circle). It can be seen from the figure 
that nitrate has produced a much greater increase in the maximum twitch 
tension than in the ordinary isometric twitch. The explanation of this is that 
both records were obtained after quick releases had been applied to the muscle 
at 100 msec after the stimulus, and in consequence tension development did 
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not begin until about 150 msec after the stimulus; therefore, during the entire 
time course of each twitch, the active state was decaying and continuously 
modifying the development of tension. Under these conditions the decay of 
the active state was one of the main factors determining the form of the 
myogram, and because at all times during the contraction the instantaneous 
intensities of the active state were much higher in nitrate than in Ringer’s solu- 
tion, as can be seen in Fig. 3, nitrate more than doubled the maximum tension 
developed, although it caused only a 10% increase in the ordinary isometric 
twitch. The quick releases in such experiments at 0° C thus have an influence 
on the effect of nitrate which is analogous to that of temperature on the 
ordinary isometric twitch. 

The effect of nitrate and caffeine on the active state curve determined 
directly in the present experiments is remarkably similar to the effect postu- 
lated by Goffart & Ritchie (1952) for adrenaline and other drugs. Little is 
known at the present time about the underlying chemical reactions which 
eventually give rise to the development of the active state. But the fact that 
not only a wide range of drugs such as nitrate, caffeine, adrenaline, potassium, 
but also treatments such as lowering the temperature, application of high 
pressure, prolong its duration accompanied by a general tendency for the 
tetanic tension to fall, might indicate that they all exert their effect by an 
action on the same system. 


SUMMARY 


1. The effect of nitrate and of caffeine on the active state of the frog’s 
sartorius at 0° C was examined. The intensity of the active state was deter- 
mined by applying a quick release at varying times during the muscle twitch 
and studying the subsequent redevelopment of tension. The duration of the 
plateau of full activity was determined by measuring the earliest time after 
the last stimulus in a tetanus at which a fall in tension could be detected. 

2. The duration of the active state depends on the initial length of the 
muscle: the shorter the muscle, the smaller is the duration of the active state. 

3. Nitrate and caffeine both prolong the active state of muscle and the 
plateau of full activity. This accounts for the increase produced by those 
substances in the twitch tension. 

4, The tetanic tension is reduced with nitrate. This effect is not regularly 
obtained with caffeine. 


Note added in proof. Since this paper has gone to press, a communication 
on the same subject has been made by Hill & Macpherson (1954) to the 
Physiological Society. In addition, I was privileged to be shown the results 
of experiments which they will present in a paper which is now in press and 
will appear in the Proceedings of the Royal Society. These authors have 
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recently investigated the action of the bromide and iodide ions as well as the 
nitrate ion on muscular contraction. Their conclusion is similar to that reached 
in the present paper and is that the increase in twitch tension produced by 
these substances is caused by a prolongation of the active state. 

They found that nitrate increased not only the tension but also the heat 
production in a single twitch, whereas in a tetanus neither was affected. 
A close relationship thus exists between the time courses of heat production 
and the active state: both begin and end together, and substances such as 
caffeine and nitrate which prolong one, prolong the other. 

The fact that nitrate decreased tetanic tension in the present experiments 
but had no effect in those of Hill & Macpherson may probably be explained by 
a difference in experimental technique. For example, because nitrate prolongs 
the active state and in consequence lowers the fusion frequency, Hill & 
Macpherson used smaller frequencies for tetanic stimulation of a muscle in 
nitrate than in Ringer’s solution: in the present experiments the frequency 
was the same in both solutions. 

The argument put forward in the present paper that the effect of nitrate is 
caused by a prolongation of the active state and cannot be accounted for by 
a change in the force/velocity relation is strengthened by their observation 
that in any case nitrate has no effect whatsoever on this relation. 
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AN INVESTIGATION OF THE INTRACELLULAR pH OF 
CRAB MUSCLE FIBRES BY MEANS OF MICRO-GLASS 
AND MICRO-TUNGSTEN ELECTRODES 


By P. C. CALDWELL* 
From the Department of Biophysics, University College London 
(Received 10 June 1954) 


The intracellular pH of tissues, especially of muscle, is of interest for various 
reasons. In particular, changes in intracellular pH may be related to the way 
in which variations of external potassium concentration or of membrane 
potential influence metabolic activity (Eddy & Hinshelwood, 1950, 1951; 
Caldwell & Harris, 1952) and in muscle they may also be associated with the 
processes of contraction and relaxation (Dubuisson, 1950; Goodall & Szent- 
Gyérgyi, 1953; Hajdu, 1953). 

There are three main methods for measuring intracellular pH. The first, 
used by Rous (1925), Margaria (1934), and Arvanitaki & Chalazonitis (1951) 
involves the use of pH indicator dyes but is open to the objection that they 
may become adsorbed on to the cell protein, the pH range over which they 
change colour being altered as a result. The second method, used by Fenn 
(1928), Stella (1929), Cowan (1933) and Conway & Fearon (1944), consists of 
the measurement of the amounts of carbonic acid and bicarbonate inside the 
cells, the pH being calculated from the Henderson-Hasselbalch equation. This 
method involves the destruction of the tissue and cannot be used for following 
rapid changes of pH, although alterations in CO, content have been used by 
Lipmann & Meyerhof (1930) and by Hill (1940) for following slow changes in 
frog muscle after activity. 

In the third method various electrodes which respond to pH are used and 
with these changes can be followed continuously. Micro-antimony (Buytendyk 
& Woerdeman, 1927) and micro-platinum/hydrogen (Dorfman, 1936) elec- 
trodes have been used to study pH changes during the development of 
amphibian eggs, but these are not always specific for pH. The glass electrode 
which is specific for pH in the range 0-9 (Dole, 1941) has been used by 
Dubuisson (1950) for following pH changes at the surface of frog muscle during 
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contraction and relaxation and by Maison, Orth & Lemmer (1938) for changes 
in the surroundings of muscle fibres after stimulation. This electrode has not 
hitherto been used as an intracellular electrode for muscle, and in the present 
work a modification of external diameter 100 u has been developed which can be 
inserted into individual 500-600 muscle fibres of the crab, Carcinus maenas, 
for the determination of their intracellular pH. Also the possibilities of the 
tungsten micro-electrode, described in a previous note (Caldwell, 1953), have 
been further explored, but this has been found unreliable in its present form 
for intracellular pH determinations. A preliminary account of this work has 
already appeared (Caldwell, 1954). 


METHODS 


Micro-glass electrodes. One of these electrodes is shown in Fig. 1. It consists of a capillary of 
low resistance glass (B) filled with 0-1 x-HCl and surrounded to within about 0-5 cm of the tip 
with suitable insulation (C—F). The electrodes were constructed as follows. The wall of some low 
resistance glass tubing of 0-5 cm external diameter (obtained from A. W. Dixon and Co. ,Becken- 
ham, Kent) was first thinned down by heating the tube and then simultaneously drawing and 


Fig. 1. Diagram showing construction of the glass micro-electrode. A, 25 copper wire; B, inner 
glass capillary; C, first layer of shellac; D, outer glass capillary; Z, second layer of shellac; 
F, layer of picien wax; G, 30 » glass capillary reference electrode. 


blowing it. The thin-walled part of the tube was then drawn down to a capillary of about 50-80 » 
over a small flame. The capillary (B) was drawn through molten shellac and coated to within 
1-5 cm of the tip with a layer about 5» thick (C). It was then inserted into another glass capillary 
(D) whose external diameter was about 80-100, the uncoated part being pushed out from the 
end. The second capillary was then coated with a thin layer of shellac (Z) and finally a layer of 
picien wax (/) to give a final external diameter of about 100-1504. Next, the inner capillary was 
filled by dipping the tip of the uninsulated part into 0-1 N-HCl and allowing this to run in by 
capillary action. The tip was sealed off in a small flame and the uninsulated part shortened to 
about 0-5 cm by gently pushing the tip into a flame. Some fine copper wire, 30 » in diameter (A) 
was then inserted into the inner capillary from the open end, usually until it reached the sealed- 
off tip. The wire was fixed by embedding the open end of the capillary in shellac and the part of 
the wire remaining exposed was then soldered to the end of a screened lead. Finally both the 
exposed part of the wire and the end of the screened lead were embedded in shellac and a bit of 
black picien wax was applied to the extreme tip of the electrode to make this easier to locate when 
inside the fibres. 

In many cases a reference electrode (G@) consisting of a 201 glass capillary filled with 3m-KCl 
or crab saline was attached to the glass electrode with picien wax as shown in Fig. 1. The insula- 
tion of the electrodes was tested by dipping them into a specimen tube in which there was a layer 
of agar gel of known pH under a layer of liquid of very different pH. If on pushing the uninsulated 
part of the electrode into the agar gel the correct value for the pH of this was obtained, even 
though the insulated part was in surroundings of different pH it was assumed that the insulation 
was effective. 
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Most of the electrodes were found to give potential changes somewhat less than the 56-58 mV 
usual for a pH change of one unit at room temperature. Those that gave less than about 45 mV 
were discarded. Measurement of the resistance of one of these electrodes by a voltage drop method 
showed this to be about 1000 MQ. During work with them the preparation and electrodes were 
surrounded by screening as were the input leads to the impedance converter. 

Tungsten micro-electrodes. Two forms of these electrodes, both shown in Fig. 2, were used. They 
consist of a length of tungsten wire (A) embedded in a glass capillary (C) with paraffin wax or 
shellac (B) to within about 200 » of the tip. The electrodes were constructed as follows. A length 
of 254 pure tungsten wire obtained from Johnson Matthey and Co. was soldered at one end to a 
length of insulated copper wire (Z). The other end was then repeatedly drawn through a drop of 


°** 


Fig. 2. Tungsten micro-electrodes. A, tungsten wire; B, shellac or paraffin wax; 
C, glass capillary; D, sealing wax; E, copper wire; F, glass tube. 


molten sodium nitrite until its diameter had been reduced to 10-15. A glass capillary which 
tapered to a point of 15-25, external diameter was next drawn from 1 cm diameter Pyrex 
tubing. The tungsten wire was pushed down this capillary until about 200, of it had emerged 
from the tapered end. Molten shellac or paraffin wax was applied at the tapered end and allowed 
to run into the capillary so that the wire became embedded in it. The other end of the capillary 
and the copper wire were then inserted into a length of 0-5 cm diameter glass tube (F) and em- 
bedded in it with sealing wax (D). Finally the exposed tungsten surface was cleaned by dipping it 
into a solution of sodium phosphate and passing current through it so that bubbles of hydrogen 
were discharged. This last treatment was also a check of the insulation provided by the glass 
capillary, since hydrogen bubbles appeared at any point at which this was faulty as well as 
appearing at the tip. In certain cases the insulation was also checked by the method used for the 
glass electrodes. The electrodes were calibrated in buffer solutions of standard pH, a reference 
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electrode filled with 3m-KCl being used. A measurement of the impedance of a typical tungsten 
micro-electrode showed this to be about 5000 Q. 

pH standards. For pH values between 5-29 and 8-04 the phosphate mixtures suggested by 
Sorensen (quoted by Vogel, 1939) were used. For pH 4-00 the phthalate buffer (10-211 g/l. acid 
potassium phthalate) suggested by Hamer & Acree (1944) was used and for pH 9-20 (at 20° C) 
the borate buffer (3-814 g sodium tetraborate decahydrate, 1-169 g sodium chloride per litre) 
suggested by Manov, De Lollis & Acree (1944) was used. 

Recording circuit. This was the electrometer impedance converter circuit described by Harris 
(1951), the output being recorded on a micro-ammeter in series with a suitable resistance. The 
instrument was calibrated by the application of known voltages to the input. For work with 
micro-glass electrodes it was necessary to reduce the grid current to a minimum, and this was done 
by adjustment of the potentiometer RV 3 of Harris’s circuit diagram. 

Preparations. The crab muscle preparations were from specimens of Carcinus maenas which had 
been obtained from the Marine Biological Laboratory, Plymouth. In nearly all the experiments 
with glass micro-electrodes and in a few with tungsten micro-electrodes the flexor muscle of the 
carpopodite was used. The fibres were cut away from one side of the chitinous tendon (apodeme), 
together with all the shell except a strip to which the remaining fibres were attached. This pre- 
paration and the way in which it was mounted for the insertion of the micro-electrodes are shown 
in Fig. 3. 


Fig. 3. Arrangement for inserting electrodes into crab muscle fibres. A, electrode; B, Ling & 
Gerard type electrode; C, apodeme; D, Perspex strip for holding the preparation; F, muscle 
fibres. 


In the remainder of the experiments with tungsten micro-electrodes the preparation of the 
extensor muscle of the carpopodite described by Fatt & Katz (1953) was used. In the dissection of 
these preparations it was necessary to cut the other muscle and the main limb nerve away care- 
fully rather than to pull them away, otherwise many of the fibres showed areas of damage where 
nervous connexions, etc. had been torn away. 

After being exposed, the muscles were bathed at room temperature in the saline (normal crab 
Ringer) used by Fatt & Katz (1953). 

Application of the electrodes. The micro-glass and micro-tungsten electrodes were inserted down 
the fibres longitudinally, for which purpose fibres of about 600, diameter were used. In the 
experiments with micro-glass electrodes and with micro-tungsten electrodes of the type shown in 
Fig. 2a the electrodes were inserted vertically as indicated in Fig. 3. First a small hole was made 
at the top of the fibre near the apodeme with a glass rod which tapered to a sharp point. Then the 
electrode, which was fixed, was inserted through this hole and carefully pushed down the length 
of the fibre by upward movement of the preparation. The fibre was kept in line with the electrode 
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during this process by suitable manipulation of the piece of shell attached to it with the tip of the 
glass rod. During insertion the electrode seems to be guided to some extent by internal structures 
and if, as is the case with the glass electrodes, its tip is rounded, it does not penetrate the cell wall 
very easily so that it is not difficult to keep the electrode inside the fibre. Should the cell wall be 
penetrated that part of it near the electrode tip suddenly falls back as the electrode bursts through, 
so that an accident of this type is usually easily detected. Penetration of the cell wall is also made 
evident by a change in the potential of the electrode towards the value characteristic of the 
surroundings of the fibres and by the gradual development of an opaque patch at the point of 
penetration after the electrode has been removed. Normally, however, some distension of the cell 
wall at the electrode tip is seen before penetration occurs, and it is possible to stop the insertion of 
the electrode before it takes place. In certain cases a 30, capillary electrode filled with crab 
saline or with 3m-KCl was inserted in the same way before and after the glass or tungsten micro- 
electrode in order to measure the resting potential of the fibre in the region into which the un- 
insulated part had been pushed. In other cases the resting potential in the region occupied by the 
uninsulated part of the glass or tungsten micro-electrode was measured by means of a Ling & 
Gerard type of micro-electrode (Ling & Gerard, 1949) as indicated in Fig. 3, three or four readings 
over the whole region being taken and the average used for the calculation of the intracellular pH. 
The Ling & Gerard electrodes used in these determinations were marked to within 100» of the 
tip with black picien wax to make it easier to see them and to push them into the correct fibre. 

In experiments with tungsten micro-electrodes of the type shown in Fig. 26, the muscle pre- 
paration described by Fatt & Katz (1953) was used. The electrode was first lowered by means of 
a manipulator until its tip rested on the surface of the fibre and then it was gently pushed into the 
fibre by careful movement of the Petri dish containing the preparation. This was continued until 
the tip was about 0-5 cm down the fibre from the point of entry and then the resting potential in 
its vicinity was measured with a Ling & Gerard electrode. 


RESULTS 

The potential of glass and tungsten micro-electrodes under different conditions 
The glass micro-electrodes were found to show changes in potential with pH 
similar to those given by bulb type micro-glass electrodes and pH values 
determined with them are probably of similar reliability. Provided that their 
resistance was not too high they usually reached a steady potential within 
2-3 sec of being transferred from one solution to another of different pH. On 
being transferred into crab saline or sea water, however, the potential of many 
glass electrodes showed a slow drift for about a minute, before becoming 
steady, the electrode becoming more negative and the corresponding pH value 
higher in the process. The reason for this is unknown but it may possibly be 
due to the weak buffering capacity of these solutions. The final steady pH 
value, which agreed with that given by indicators, was taken as the true value. 

A method was worked out for determining the pH of small quantities of 
liquid with the glass micro-electrodes. The experimental arrangement for this 
is shown in Fig. 4. The samples were drawn into glass capillaries (D) of length 
1-2.em and diameter 150-200, and were fixed into an agar gel saturated 
with KCl which was contained in a Petri dish (C) and into which a reference 
electrode (B) dipped. The electrode (A), after being washed with distilled 
water, was pushed down into a capillary until its insulation was covered and 
the value given for the pH of the liquid in the capillary taken. Satisfactory 
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results were obtained for the pH of quantities of standard buffer solutions as 
small as 0-5 mm*. With weakly buffered solutions such as crab saline and 
sea water, however, the results were sometimes erratic. 

The potential of tungsten micro-electrodes shows an approximately linear 
dependence on pH in a variety of standard buffers in the pH range 4-0-9-2, 
the change for a pH change of 1 unit being usually 40-50 mV. When trans- 
ferred to a solution more alkaline than that in which they had been previously 
the electrodes reached a steady potential almost immediately. When trans- 
ferred to a more acid solution, on the other hand, several minutes elapsed 
before the potential reached a steady value. For this reason tungsten elec- 
trodes were allowed to stand in a solution for a short while before their 
potential was measured. 


Fig. 4. Arrangement for measuring the pH of small quantities of fluid with the glass micro- 
electrode. A, glass micro-electrode; B, reference electrode; C, Petri dish containing agar gel 
saturated with KCl; D, glass capillaries containing the samples of fluid. 


Factors other than pH can affect the electrode potential of tungsten. 
Reducing agents such as sodium dithionite, hydrogen sulphide and to a lesser 
extent cysteine tend to make it more negative while an oxidizing agent, 
potassium permanganate, makes it more positive. Calcium and magnesium 
ions are quite often found to make it more positive. Small traces of other 
metals on the tungsten surface can also affect the potential. Thus if a very 
small amount of copper is discharged on to it by electrolysis, the electrode 
tends to behave as a chloride electrode in solutions containing chloride while it 
continues to respond to hydrogen ions in the others. 

Possible effects of the actomyosin and myosin from crab muscle on pH 
values obtained with the two kinds of electrodes were investigated by deter- 
mining the pH of actomyosin/myosin gels, whose pH was already known 
approximately, with a tungsten micro-electrode and with a bulb type macro- 
glass electrode. The gels were prepared by precipitating a mixture of the 
actomyosin and myosin in an unbuffered 0-6 m-KCl extract of Carcinus maenas 
muscle by dilution to a lower ionic strength with standard buffer solutions and 
distilled water. It was assumed that the pH of the gels would be approxi- 
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mately those of the standard buffers. The results are given in Table 1, from 


which it will be seen that the actomyosin and myosin have no serious effect on 
the pH values given by the two electrodes. 


TaBLE 1. pH values determined with a tungsten micro-electrode and a macro-glass 
electrode for actomyosin/myosin gels whose pH was already known approximately 


ximate pH of gel H value given H value given 
precipitation) i 
5-0 5-0 5-0 
59 5-9 5-6 
7-0 71 71 
77 77 7-5 


Measurement of the intracellular pH of crab 
muscle fibres with micro-glass electrodes 


These measurements were made on fibres which were being bathed in crab 
saline whose pH was about 7-5. In all cases the pH of the haemolymph 
originally surrounding the fibres was determined with a glass micro-electrode, 
a sample of about 0-3 ml. being withdrawn for this purpose from a small hole 
which was made in the shell near the distal end of the meropodite immedi- 
ately after the leg had been removed from the animal. 

The potential change observed when a glass micro-electrode is inserted into 
a fibre consists of two components. One of these is the resting potential in the 
region of the fibre occupied by the uninsulated part of the electrode, and the 
other is the change in potential brought about by the difference in pH between 
the inside of the fibre and its surroundings. This second component is obtained 
by subtracting the resting potential from the total change and the difference 
in pH can then be evaluated from the calibration graph of the electrode. The 
value of the intracellular pH is then obtained from this pH difference and the 
pH of the saline. 

In these experiments a number of different ways were used for measuring 
the resting potential of the fibre in the region of the uninsulated part of the 
glass micro-electrode. In the first experiments it was measured before and 
after the insertion of the glass electrode with a 30, capillary electrode filled 
with 3mM-KCl and the mean value obtained was used for calculating the pH. 
Three insertions and withdrawals of electrodes cause, however, considerable 
damage to the fibre, and in an attempt to reduce this the double electrode 
shown in Fig. 1 was evolved. Since this electrode combines both the glass 
electrode and the reference electrode it is only necessary to insert it once. In . 
the first set of experiments with this type of electrode, the reference capillary 
was filled with 3m-KCl. The electrode was inserted as far as possible down the 
fibre and the value of the resting potential obtained from the change in 
potential shown by the reference capillary. The electrode was then gently 
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withdrawn until the middle of the uninsulated part of the glass electrode 
reached the point previously occupied by the tip of the reference capillary. 
The internal pH was calculated from the change in the potential of the glass 
electrode observed when the electrode was withdrawn from this part of the 
fibre and the value of the resting potential. 

When some experiments were carried out in which the resting potential! of 
the fibre was measured both with the reference capillary and with a Ling & 
Gerard type of electrode filled with 3m-KCl, it was found that the potential 
recorded with the capillary electrode was often appreciably less than that 
given by the Ling & Gerard electrode. A possible explanation of this dis- 
crepancy is that it arises from the leakage of 3m-KCl from the capillary 
electrode with its replacement at the electrode tip with crab saline or myo- 
plasm. Such a leakage and exchange could affect the inside of the fibres and 
the junction potentials at the tip of the capillary electrode and both these 
effects could influence the potential recorded by the electrode. In confirmation 
of this hypothesis it was found that if the effects of leakage and exchange at 
the tip of the capillary electrode were reduced by filling both it and the Ling & 
Gerard electrode with crab saline then the resting potentials recorded by them 
were in good agreement. However, potentials recorded with electrodes filled 
with crab saline are more subject to errors due to junction potentials than 
those filled with 3m-KCl and in subsequent experiments it was decided to use 
a Ling & Gerard electrode filled with 3m-KCl for measuring resting potentials 
rather than the internal capillary. The use of the double type glass electrode 
was continued, its capillary now being filled with crab saline, since the de- 
tection of a potential by the capillary provided useful confirmation that the 
electrode as a whole had been inserted into the fibre. It also provided a check 
that the Ling & Gerard electrode and the glass electrode were both in the same 
fibre since if this was so the potential recorded in the region of the tip of the 
capillary by the Ling & Gerard electrode was found to be about 7-0 mV 
more than that recorded by the capillary, the difference of 7-0 mV arising 
from junction potential effects. 

In spite of the different methods used for measuring the resting potentials 
in these experiments, the values obtained for the intracellular pH were 
reasonably consistent, the mean value being about 6-9. The results of these 
experiments are summarized in Table 2 where the values for the intracellular 
pH are grouped according to the resting potential of the fibres. The table 
shows that there is no significant change of internal pH when the resting 
potential of the fibres declines and that the internal pH is lower than that of 
the haemolymph which circulates round the fibres in vivo. The internal pH is 
also lower than that of the bathing saline, but in the absence of perfusion the 
pH of the saline in the immediate vicinity of the fibres approaches the internal 
value. 
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TaBLE 2. Values obtained with micro-glass electrodes for the intracellular pH of 
crab muscle fibres grouped according to the resting potential of the fibres 


Fibres. Range of resting potential (mV) Saline in 
——, Haemo- vicinity 
50-59 40-49 30-39 20-29 10-19 0-9* lymph Saline of fibres 
No. of 7 ll 14 9 8 22 16 16 8 
determinations 
Mean pH 691 686 707 674 698 6-87 7-48 7-53 7-06t 


Standard error 007 0-05 004 O12 O11 0-04 0-05 0-05 0-03 
of mean 


* Values for the intracellular pH the poi i 
near the point of entry of the glass micro-electrode. 
Measurements of the intracellular pH of crab muscle 
Sibres with micro-tungsten electrodes 
The calculation of the intracellular pH from the resting potential and the 
potential change of a tungsten micro-electrode on withdrawal from the fibre 
was the same as that described for glass micro-electrodes. The results obtained 
were somewhat variable. In the earlier stage of the investigation the results 
were similar to those with glass micro-electrodes and these are summarized in 


Table 3. 
TaBLE 3, Values obtained with micro-tungsten electrodes for the 
intracellular pH of crab muscle fibres 


First set of experiments 


Fibres. (mV) 
of resti tentials (m mo- 


"50-70 30-49 0-29 
No. of determinations 30 18 6 14 15 
Mean pH 6-75 6-88 6-68 7-60 7-72 
Standard error of mean 0-05 0-05 0-23 0-09 0-04 
Second set of experiments 
Fibres. of 
resti tenti mV) Saline in 
 Haemo- the vicinity 
50-70 30-49 lymph Saline _off fibres 
No. of determinations 35 34 8 9 9 
Mean pH 6-93 6-94 7-71 7-59 7-03* 
Standard error of mean 0-04 0-05 0-10 0-07 0-14 


* In the absence of perfusion. 


At a later stage, however, it became evident that factors had begun to 
operate which caused the tungsten micro-electrodes to give anomalously high 
values for intracellular pH, values as high as 9 being obtained. One of these 
factors may be the diffusion of interfering substances from the fibres, since 
high values were often observed in the surroundings of the fibres as well as 
inside them. 

Some experiments were then done in which pH determinations were carried 


out on the same fibre with both micro-tungsten and micro-glass electrodes. In 
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some cases the two electrodes gave similar values, but in others the value 
given by the tungsten electrode was appreciably higher than that given by the 
glass electrode. It must be concluded, therefore, that pH values obtained 
with the present form of the tungsten micro-electrode are not trustworthy. 


DISCUSSION 

The results obtained during this work show that it is possible to construct 
glass electrodes small enough for the measurement of the intracellular pH of 
large single cells, in particular the 600, muscle fibres of Carcinus maenas. The 
electrodes do, however, damage the cells and this qualifies any deductions 
made from the results. That some damage is done is shown by the fact that 
the muscle fibres gradually become opaque and finally develop a contracture 
after an electrode has been withdrawn and by the fact that after insertion of 
an electrode the resting potential is usually well below the average value of 
70 mV found by Fatt & Katz (1953) with Ling & Gerard electrodes and has in 
no case so far been found to exceed 55 mV. It must also be remembered that 
the values obtained with the electrodes represent hydrogen ion activities, not 
concentrations, and that at the ionic strength inside the fibres these activities 
are probably only about 0-7 of the values of the concentrations. 

Since a wide range of values for the resting potential was encountered during 
this work it is possible to see if the intracellular pH of the fibres alters when 
the resting potential declines as a result of injury. The results given in Table 2 
show that there is no significant change during this process, the internal pH 
value tending to remain constant at about 6-9. This result and the observation 
that in the absence of perfusion the pH of the saline in the immediate vicinity 
of the fibres is close to the intracellular value show that the pH difference 
across the fibre membrane does not vary in the manner predicted by the 
Donnan equilibrium (Donnan, 1911) namely that 
H* activity inside __ resting potential (in mV) 
H*+ activity outside — 58-17 

The difference in pH between the inside of the fibres and the haemolymph 
which circulates round them in vivo agrees with that predicted by the relation 
for fibres whose resting potentials are about 35 mV and, in confirmation of an 
earlier result (Caldwell, 1953), it approaches the predicted value for fibres 
whose resting potentials are about 50 mV. However, since the relation does 
not predict the difference satisfactorily for other conditions it is probable that 
these agreements are fortuitous. 

The intracellular pH of C. maenas muscle fibres does not appear to have been 
measured by other methods so it is not possible to make any direct comparisons 
between the present results and those of other workers. Values for the pH of 
muscle fibres of the spider crab Maia squinado have been obtained by Cowan 
(1933) from the carbon dioxide dissociation curve. If the intracellular CO>2 


ApH =logio 
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tension was assumed to be that of the haemolymph the intracellular pH was 
found to be about 7-1 which is close to the value of about 6-9 normally found 
in the present work. It may also be noted that Fenn (1928) and Stella (1929) 
obtained values between 6-9 and 7:3 for the intracellular pH of frog muscle 
from measurements of this type. In addition values in the region of 7-0 have 
been obtained for the intracellular pH of certain nervous tissues by means of 
various methods including the present one (Caldwell, 1954; Fenn, 1928; 
Stella, 1929). 

The results obtained with tungsten micro-electrodes are confusing. In th. 
earlier experiments, a preliminary account of which has already been pub 
lished (Caldwell, 1953), the results given in Table 3 were obtained and these 
are very similar to those obtained with glass micro-electrodes. In more recent 
experiments, however, the tungsten micro-electrodes have often responded to 
factors other than pH, the anomaly produced being similar to that caused by 
reducing agents. No definite explanation can be given at the moment for this 
variable behaviour. It may arise from the factors responsible not always 
being present in the cells, Alternatively, the profound effect of a small 
amount of copper on the behaviour of tungsten electrodes towards chloride 
which was mentioned earlier suggests that it may possibly arise from the 
occasional presence of traces of some other metal on the tungsten surface. 


SUMMARY 


1. Micro-glass and micro-tungsten electrodes whose potentials respond to 
pH and which are suitable for insertion into large cells have been devised. 

2. The micro-glass electrodes have been found suitable for measuring 
intracellular pH but the micro-tungsten electrodes have not, since they often 
appear to be affected by other factors. 

3. The intracellular pH of the 600, muscle fibres of the crab Carcinus 
maenas is found to be about 6-9. 

4. The intracellular pH shows no significant alteration when the resting 
potential of the fibres declines as the result of injury. 


I would like to thank Prof. B. Katz, Dr E. J. Harris, Mr A. C. Downing and Mr J. L. Parkinson 
for various forms of help and encouragement. 
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THE FORMATION OF AN ACETYLCHOLINE-LIKE SUBSTANCE 
BY THE ISOLATED RABBIT HEART 


By SHEILA BRISCOE anv J. H. BURN 
From the Department of Pharmacology, University of Oxford 


(Received 15 June 1954) 


In the experiments carried out to demonstrate humoral transmission at the 
neuromuscular junction, Dale, Feldberg & Vogt (1936) showed that the 
stimulation of the motor nerve while the muscle was perfused with eserinized 
Ringer’s solution was followed by the appearance of acetylcholine (ACh) in 
the perfusate. If the rhythmic contractions of cardiac muscle are also due to 
the local formation of ACh, as suggested by Biilbring & Burn (1949), then it 
should be possible to make a parallel observation to that of Dale et al. and to 
show that when the isolated and beating heart is perfused with eserinized 
Ringer’s solution, ACh appears in the perfusate. We have therefore carried out 
experiments on the perfused rabbit heart to see if ACh appears in this way. 


EXPERIMENTAL METHODS 

Freshly excised rabbit hearts were perfused at 35-37° C with Locke’s solution (containing 0-05 % 
NaHCO, and 0-1% dextrose) until all traces of blood were removed and the beat was well 
established. The reservoir in the water-bath above the heart, having been emptied of Locke’s 
solution, was then refilled with about 30 ml. Locke’s solution containing eserine sulphate 4 x 10~g/ 
ml. From the reservoir the solution ran down a jacketed tube to a cannula tied in the aorta. The 
heart was enclosed by a glass cup, in the bottom of which the perfusate collected and ran out 
through a tube which then turned horizontal for a distance of about 17cm. At the end of the 
horizontal tube the perfusate was carried vertically upwards by a stream of oxygen, and so back 
to the reservoir, The perfusing fluid was thus circulated through the heart and back to the 
reservoir for 40 min or longer during which samples were withdrawn to test on the dorsal muscle 
of the leech. In some experiments when the fluid was withdrawn it was replaced by fresh solution 
for a second period of perfusion. 

To obtain the active material in the perfusate in a more concentrated form, it was taken to 
dryness by the process of ‘freeze-drying’. The residue was extracted with absolute ethanol 
saturated with NaCl, using 7-5 ml. ethanol for the residue from 30 ml. perfusate. The alcoholic 
extract was then taken to dryness at a temperature not exceeding 40° C under reduced pressure. 
The residue was dissolved in 2-5 ml. of a mixture of 1-65 ml. frog saline (0-7% NaCl solution) and 
0-85 ml. distilled water. 

The extracts so prepared were tested on cat blood pressure, frog heart and frog rectus muscle. 
For the blood pressure cats were anaesthetized with chloralose; when small amounts of ACh did 
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not have sufficient depressor action the cats were eviscerated, and sometimes given 0-1 mg 
eserine. For the frog heart, a cannula was tied in the inferior vena cava, and the heart removed 
from the body. The cannula was supplied with frog Ringer’s solution from a Marriotte bottle 1 m 
above the heart, the amount reaching the cannula being controlled by passing through a capillary 
tube of suitable length. The hearts were sensitive to 1-2 ng ACh. 


110 


0 10 20 30 
Time (min) 


Fig. 1. To show the effect on the rate of perfusing the isolated rabbit heart with 
eserine sulphate 10~* g/ml. Eserine perfused between the arrows. 


RESULTS 

Effect of anticholinesterases on rate. When the rabbit heart was perfused with 
Locke’s solution containing eserine or neostigmine the rate was slowed to an 
extent*which varied from one heart to another. An example of the effect of 
eserine 10-* g/ml. is shown in Fig. 1, in which it is seen that the rate returned 
towards normal when eserine was no longer perfused. 

Tests on leech muscle. During the perfusion of the heart with a limited 
quantity of fluid which was re-perfused, samples of the fluid were withdrawn 
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and, after diluting 1-4 ml. to 2 ml. with distilled water containing eserine 
4 x 10-* g/ml., were tested on the leech. The fluid which had not passed through 
the heart had practically no stimulant action, but the perfusate was found to 
have an increasing stimulant action, as shown in Fig. 2. A stimulant action 
greater than that of the control was observed when perfusate was withdrawn 
after 10 min and applied to the leech. Succeeding samples had a progressively 


Fig. 2. Contractions of dorsal muscle of the leech. Ist contraction 3 ng ACh. 2nd contraction (C) 
is effect of 1-4 ml. eserinized Locke’s solution diluted to 2 ml. 3rd, 4th, 5th and 6th contrac- 
tions are due to 1-4 ml. perfusate withdrawn at 10, 30, 50 and 70 min and diluted to 2 ml. 
7th contraction due to 5 ng ACh, 


greater action up to 70 min. At the end of this time the sensitivity of the leech 
to ACh had declined, for the application of 5 ng in 2 ml. produced a smaller 
contraction than that of 3 ng initially. The stimulant effect was therefore 
likely to be due to the appearance in the perfusate of ACh. The progressive 
increase shown in Fig. 2 was observed in eleven out of twelve experiments. 

The amount produced was variable and difficult to estimate. Some per- 
fusions were stopped because the amount of fluid was too small when the 
response was still increasing. In others there was no further increase after 
about 45 min. The total ACh activity in the perfusate was calculated from the 
maximum response on the leech, and the results of fifteen experiments are 
shown in Table 1. The results range from 0-02 to 0-4 ug/heart. 

Tests of extracts of freeze-dried material. The extract of freeze-dried material 
was usually tested on the cat blood pressure first of all. An example is given 
in Fig. 3 which shows that 0-3 ml. extract (#) was intermediate between 0-1 — 
and 0-2 wg ACh, while 1 ml. of a control extract (C) prepared in the same way 
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had no appreciable depressor action. The depressor effect of the extract pre- 
pared from the perfusate was abolished by atropine. 

On the frog heart the extracts caused inhibition which was followed by some 
augmentation as shown in Fig. 4. The augmentation was clearly seen after 
atropine, when the inhibitory effect was abolished. The extracts were also 
tested on the frog rectus muscle; the stimulant action was absent when 
tubocurarine 10 g/ml. was added to the bath. 


Tasie 1. ACh-like activity in the perfusate tested directly on leech 


pg/heart pg/heart 
0-40 0-14 
0-22 0-18 


Fig. 3. Comparison of effects of ACh with extract (#) of freeze-dried perfusate on cat arteria 
blood pressure. 0-3 ml. H was intermediate in depressor effect between 0-2 and 0-1 ug ACh. 
1-0 ml. of extract of freeze-dried eserinized Locke’s solution was injected at C. 


Results for tests of the same extract by different methods are given in 
Table 2. Extracts 1 and 2 each gave similar results when tested on the leech 
and on the frog heart. Extract 3 gave closely similar results on frog heart, 
blood pressure and rectus, though the result on the leech was less. Extract 4 
gave similar results on frog heart and rectus, but not on the blood pressure; — 
this result was discordant. Extract 5 gave similar results on the frog heart and 


0-09 0-06 
0-06 0-02 
0-04 0-03 
| 0-13 0-02 
0-17 — 
Mean (15 expe im nts) 0-11 ug 
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cat blood pressure. Extract 8 was peculiar because the figures obtained were 
much higher than in any other experiment. The extract was prepared from 
perfusate obtained from four hearts. Each heart was perfused for two periods 
of 40 min and the perfusates were then concentrated together. When tested 
this extract gave the very high results shown in Table 2, which are expressed 
like the other figures in the table as the amount of activity estimated as ACh 


Fig. 4. Comparison of ACh (A) and extract of freeze-dried perfusate (Z) on isolated frog heart. 
A =4 ng ACh, and Z=0-1 ml. extract. C =0-1 ml. control extract. Between (6) and (c) 4 4 
atropine sulphate was applied, which abolished the inhibitory effects of A and E. 


TaBLE 2. Tests of extract from freeze-dried perfusate 
ACh-like activity (yg/heart/40 min) 


Cat 
Frog heart blood pressure Frog rectus 


Extract Leech 
1 0-03 0-04 
2 0-04 0-06 —_ —— 
3 0-05 0-11 0-10 0-13 
4 — 0-06 0-14 0-05 
5 — 0-09 0-08 — 
8 6-25 8-4 9-4 6-1 


per heart perfused for 40 min. A control prepared at the same time by freeze- 
drying a volume of eserinized Locke’s solution had no activity by any of the 
four tests. The figures for the different tests were of the same order, but while 
the results for cat blood pressure and frog heart agreed well, and those for frog 
rectus and leech also agreed well, the former were nearly 50% higher than the 
latter. 

Comparison with propionylcholine. Since Banister, Whittaker & Wijesundera 
(1953) have isolated propionylcholine from the spleen, we were anxious to 
compare our extract with this substance, of which we were kindly given a 
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supply by Dr P. Hey. We made a careful comparison of extract 3 with pro- 
pionylcholine and found the following values. The activity (1) on the frog 
heart was equivalent to 2-8 yg, (2) on the cat blood pressure to 5-2 ug, and (3) 
on the frog rectus to 0-094 ug. These results differed from one another very 
much more than the corresponding figures obtained by comparing extract 3 
with ACh. Banister et al. confirmed the finding of Chang & Gaddum (1933) 
that propionylcholine is more active than ACh on the frog rectus, and showed 
that it was about 25 times weaker on the frog heart and 50 times weaker on the 
cat blood pressure. Thus it could be concluded that the activity present in the 
perfusates was not due to propionylcholine. 

Since the activity estimated on the cat blood pressure in terms of ACh was 
similar to that estimated on the frog heart in three experiments it seemed 
likely that the activity was not due to pyruvylcholine, since Biilbring, Burn & 
Shelley (1953) found that the potency of pyruvylcholine relative to that of 
ACh was less on the frog heart than on the cat blood pressure. However, we 
do not regard the evidence as sufficient to exclude pyruvylcholine. 

Effect of cocaine. Two possibilities presented themselves to account for the 
appearance of the ACh-like substance; the first was that it was liberated from 
nerve endings in the heart, and the second was that it was formed in non- 
nervous tissue. We therefore determined the effect of adding cocaine hydro- 
chloride to the perfusion fluid. To ensure that sufficient cocaine was present to 
paralyse the ganglia we determined the amount of cocaine necessary to 
abolish the action of nicotine. When 0-2 mg nicotine acid tartrate was injected 
into the aortic cannula it caused slowing of the rate (e.g. from 98 to 42 beats/ 
min) and an irregular augmentation of amplitude. This effect was reduced 
when the perfusion fluid contained cocaine hydrochloride 10 g/ml., and was 
absent when the concentration was 10~ g/ml. 

Four experiments were carried out, in two of which the cocaine concentra- 
tion was 10-° g/ml., while in a third it was 10-* g/ml. and in a fourth it was 
2x 10-* g/ml. In each of the four experiments samples of perfusate caused a 
contraction of leech muscle which increased in size as the perfusion continued. 
The amount of ACh-like substance found at the end was actually greater in 
the two experiments in which the cocaine concentration was 10 g/ml. than in 
the other two, being 0-34 and 0-09 wg/heart/40 min, as compared with 0-08 
and 0-04 ug. The mean figure of 0-14 ug was similar to the mean figure for 
normal perfusions as shown in Table 3. 

Experiments without oxygen. We wished to discover if the formation of the 
ACh-like substance was related to cardiac activity, or whether it would continue 
to appear in the perfusate when the beats were arrested. Our first attempt to 
arrest the contractions was made by perfusing a series of four hearts in the 
absence of oxygen. Eserinized Locke’s solution was prepared from distilled 
water which was boiled for 30 min to expel dissolved air. Hearts were set up 
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as already described and perfused with oxygenated Locke’s solution until the 
beat was established and traces of blood were removed. This fluid was then 
replaced by the oxygen-free Locke’s solution, and the fluid leaving the heart 
was returned to the reservoir by a stream of nitrogen. The hearts continued 
to beat apparently as well as when oxygen was present. The conditions of the 
experiments certainly did not permit the exclusion of all oxygen, but the 
oxygen supply must have been greatly reduced. Five experiments were carried 
out, and in four of these there was a steady increase in the amount of ACh-like 
substance when samples of perfusate were tested on the leech. The amounts 
found at the end were (a) 0-33 yg, (b) 0-15 ug, (c) 0-07 wg, (d) 0-01 yg and 
(e) 0-15 wg. Experiment (d) was the one in which no steady increase was 
observed. The mean figure 0-14 ug is shown in Table 3. 


TaBie 3. ACh-like substance formed in perfusate from rabbit hearts 
and tested on leech muscle 


Normal 15 0-11 
In presence cocaine 10~* 4 0-14 
In absence o 4 0-14 
In presence DNP 5 x 10° 4 0-01 
In absence calcium 4 0-01 


Experiments with 2:4-dinitrophenol (DNP). We found that the heart beat 
was arrested by perfusing with eserinized Locke’s solution (fully oxygenated) 
when it contained DNP in a concentration of 5x 10-°m. Four experiments 
were carried out in which the perfusion began with Locke’s solution, and then 
was continued with Locke’s solution containing DNP until the contractions 
were arrested, The perfusion fluid was again changed to fresh Locke’s solution 
containing eserine and DNP and then continued for 40 min. The amounts of 
ACh-like substance found in the perfusate were very small, being 0-02, nil, 
0-02 and 0-02 ug respectively in the four experiments. The mean result 0-01 yg 
is shown in Table 3. ‘ 

Experiments with calcium-free Locke’s solution. Since the heart does not 
beat in the absence of calcium, we carried out four experiments in which the 
eserinized Locke’s solution was calcium-free. There was a preliminary period 
of perfusion until the beats stopped, and then fresh solution was perfused for 
40 min, When samples of perfusate were tested on the leech only in one out of 
four experiments was there any increase in stimulant action as the perfusion 
continued. The totals of ACh-like substance at the end of the experiments were 
respectively 0-03, 0-01, nil and 0-01 ug. The mean figure of 0-01 wg is shown in 
Table 3. 
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DISCUSSION 

Earlier workers have made observations in line with those described in this 

paper. Runcan (1940) was working with the hearts of Rana esculenta attached 
to a Straub cannula and observed that if the same Tyrode solution remained 

in contact with the heart for a period of time the amplitude diminished. He 

also observed that if he changed the fluid for fresh Tyrode the amplitude was 

sometimes doubled in size; putting back the fluid which was previously in the 

heart, reduced the amplitude once more. If he gave atropine the amplitude 

and rate increased. Thus he found that the fluid in contact for some time with 

most frog hearts acquired choline-like properties, although the vagus had not 

been stimulated. Genuit (1941) perfused rabbit hearts as we have done, with 

the object of measuring the ACh liberated by different intensities and durations 

of vagus stimulation. He included eserine 10~ g/ml. in his perfusion fluid and 

tested the perfusate on the leech, expecting to find that in the absence of 
vagus stimulation the leech would not be affected. He observed that as perfusion 

continued there was a small increase in the contraction of the leech muscle, and 

ascribed this to a resting secretion from the vagus nerve endings which 

Gremels (1939) believed to exist. Spadolini & Giachetti (1953) have made 

similar observations on the heart of the toad to those made by Runcan on the 

heart of the frog, that is, they found that fluid in contact with the heart for 
some time had an ACh-like action when removed and applied to the same 
heart at a point when it was beating well. These effects they ascribe to the 

endogenous formation of ACh in the heart. 

The experiments now performed have shown that when rabbit hearts are 
perfused with eserine in a concentration 4 x 10-* g/ml. the average production 
of ACh-like substance per heart perfused for 40 min is about 0-1 ug when tested 
on the leech, and rather less if the measurement is made after concentrating 
the perfusate. The mean figure for five such experiments when the test was on 
the frog heart was 0-07 wg, and when the test was on the cat blood pressure 
was 0-082 wg. The mean figure for two experiments when the test was on the 
rectus was 0-087 yg. The similarity of the figures obtained by the different 
tests suggests that the active material is ACh itself, though further evidence 
is needed to establish this. 

The point of chief interest is, of course, the origin of the ACh-like substance. 
It still appears in the presence of sufficient cocaine to prevent the inhibitory 
action of nicotine on the heart; the concentration of cocaine used was 1 in 
100,000 which is similar to the concentration which Feldberg & Lin (1949) 
used (1 in 80,000) to abolish the action of nicotine on the intestine. If the 
ACh-like substance comes from nervous tissue, such as the ganglia, this con- 
centration of cocaine would be expected to diminish its formation at least, but 
no change in the amount was observed. 
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We endeavoured to see if the formation would continue if the beats were 
arrested, and our first method was to remove oxygen as completely as possible. 
It was surprising to find that the contractions of the heart and the formation 
of the ACh-like substance both continued at a time when the supply of available 
oxygen was certainly very low. In carrying out the ordinary perfusion of the 
isolated heart by the Langendorff method care is always taken to ensure that 
the Locke’s solution is well-oxygenated. It is conceivable that the presence 
of eserine in the perfusion fluid makes good oxygenation less necessary, but 
we do not know. 

DNP was used as one means of arresting the contractions. DNP is known to 
depress the formation of adenosine triphosphate (ATP) (Loomis & Lipmann, 
1948), and it was for this reason that we used it, since if the contractions 
depend on the synthesis of ACh, then since the synthesis depends on the action 
of choline acetylase, which in turn requires ATP, DNP should arrest the con- 
tractions. The depression of ATP formation by DNP might stop the contrac- 
tions in other ways, and DNP might stop the contractions apart from its effect 
on ATP formation. However, we found that DNP arrested the contractions 
and also diminished the formation of the ACh-like substance to trace amounts. 
Ellis (1953) found that DNP abolished the power of cardiac glycosides and of 
calcium ions to augment the amplitude of the frog heart. 

Perfusion without calcium also arrested the beat and stopped the formation 
of the ACh-like substance. Calcium appears to be required for processes in 
which ACh is concerned. Thus Feng (1937) suggested that ACh liberation is 
increased by an increase in calcium concentration, and Harvey & MacIntosh 
(1940) observed that perfusion of a ganglion with a calcium-free Locke's 
solution abolished the discharge of ACh by preganglionic nerve stimulation. 
The results of Castillo & Stark (1952) suggest that the amount of ACh 
released by a single maximal motor volley at the neuromuscular junction is a 
function of the concentration of calcium ions. Hence in the mechanism of 
action of calcium also, there is ground for the idea that its effect on the heart 
beat is related to its effect on ACh formation. 

In any event we did not observe ACh liberation when the contractions were 
arrested, so that we can say that this ACh is not washed out of the heart from 
a store in the course of perfusion. We have been unable to dissociate the 
liberation of the ACh-like substance from the mechanical activity, and there- 
fore we cannot deny that the ACh-like substance may be squeezed out by the 
contractions themselves. However, we attach no weight to this possibility 
in view of all the evidence which now connects activity with ACh formation. 
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SUMMARY 


1. When the isolated rabbit heart is perfused with Locke’s solution con- 
taining eserine, an acetylcholine-like substance appears in the perfusate. 

2. This is shown by testing the perfusate on the leech, or by concentrating 
it and testing the perfusate on the frog heart, the cat blood pressure and the 
frog rectus. 

3. The results of quantitative comparisons with ACh on these organs suggest 
that the substance is ACh itself. 

4. The substance is formed in undiminished amount when cocaine 10- is 
in the perfusing fluid. 

5. The substance is formed only in traces if 2:4-dinitrophenol is present in 
the perfusing fluid in sufficient amount to arrest the heart beats. 

6, The substance is likewise formed only in traces if the heart is perfused 
with calcium-free Locke’s solution, when again the beats are arrested. 
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RELATIONSHIP BETWEEN CUTANEOUS THERMAL 
THRESHOLDS, SKIN TEMPERATURE AND CROSS- 
SECTIONAL AREA OF THE STIMULUS 


By P. P. LELE* 
From the Department of Human Anatomy, University of Oxford 


(Received 22 February 1954) 


In a recent investigation (Lele, Sinclair & Weddell, 1954) it was found that the 
threshold to a touch stimulus varied from onecutaneous test site to another. 
It was therefore decided to investigate the warmth and cold thresholds at 
various sites to determine whether or not these also show any marked varia- 
tions and, if so, whether the variations run a parallel course in the case of both 
the warmth and the cold modalities. In addition, observations were made on 
the effect of alteration of the skin temperature and of the area stimulated on 
the thresholds thus obtained. 

The thresholds were determined in two ways: (1) in terms of the smallest 
difference of temperature between the test object and the skin which could 
consistently be detected subjectively within an arbitrarily fixed period of time; 
and (2) the smallest area which, when suitably stimulated, gave rise to reports 
referable to a thermal category. 


APPARATUS AND METHODS 
Thermal stimuli were applied by means of circular copper tips 123, 50, 12-6 and 1-8 mm* in area, 
screwed into the end of a solid copper cylinder of large thermal capacity which was brought to the 
selected temperature by heating electrically or placing in contact with ice. Each tip carried 
a thermocouple which recorded its temperature correctly to +0-25° C. 

The skin temperature was measured by applying a freely suspended single thermo-electric 
junction of fine (40 s.w.g.) copper-constantan wire to the test site. This permitted rapid and 
reproducible readings (correct to +0-25° C) to be taken without altering the skin temperature by 
measurable amounts. The same thermocouple was used to measure the ambient temperatures. 

Both the thermocouples were connected to a short-period galvanometer which was calibrated to 
read 1° C/scale division. At the start, and at intervals during the experiments, the readings at 
two points on the calibration curve of both the thermocouples was checked. 

Stimuli were also delivered to selected sites of skin by means of (i) a copper cylinder 0-78 mm* 
in cross-sectional area mounted at right angles to the end of one arm of a compass with sealing 
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wax, and a cylinder of wood of the same cross-sectional area similarly mounted at the end of the 
other arm; (ii) a piece of copper wire 0-102 mm* in cross-sectional area and a piece of nylon suture 
material of the same cross-sectional area also mounted at right angles to ends of a pair of compass 
points. 

Fine, drawn quartz needles from 25 to 58 » in diameter, mounted on match sticks with sealing 
wax, were also used to deliver stimuli at some selected sites. 

Eight healthy adult subjects (three female and five male) were used. None of them had any 
previous experience of sensory testing involving thermal stimuli. Circles were stamped with ink 
on the test sites on the left hand as shown in Fig. 1. Test sites were selected with regard to 
differences in the neurohistology of the skin (i.e. glabrous or hairy skin). The teste were performed 


Test sites 
Fig. 1. Sites on left hand at which stimuli were applied. 


in a small draught-free and almost sound-proof room. About 30 min were allowed for ‘thermal 
equilibrium’ to be reached and the test was started when the skin temperature at the test site had 
remained stable for not less than 15 min, during which time no spontaneous sensation had been 
reported from the test area. During the test the subject was comfortably seated with the hand 
suitably supported. The layout of the apparatus was such that the subject could not see the con- 
trol panel or the records of the experiment. 

The subject was told that the stimulus to be applied to the test area might be hot, warm, 
thermally neutral, cool or cold, and that he was to report the thermal status of the sensation as 
soon as he could after the stimulus had been applied. He was also shown how to apply the thermo- 
couple (for measuring the skin temperature) to the test site when requested. The probe was allowed 
to rest on the test site at its own effective weight of about 5 g for 20 sec unless the subject declared 
the thermal nature of the stimulus earlier. This limit of 20 sec was imposed because it was found 
impracticable to maintain the temperature of the probe at the selected level for longer periods. 

A pilot run of ten applications was made to get the subject used to the procedure. During this 
run a rough estimate of the thresholds to warmth and cold was made so that the details of the 
subsequent experiments could be planned. 

The skin temperature was recorded before each application of the probe, the temperature of 
which was adjusted so as to give the selected difference between its temperature and that of the 
skin. This difference was in steps of 1° C. The series also included a number of thermally neutral 
stimuli at the skin temperature. Applications were repeated at intervals of about 4 min and the 
order in which the stimuli were applied was randomized. Each experiment, which normally lasted 
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about 90 min, was frequently interrupted to avoid fatigue and was terminated if the subject felt 
tired or was unable to concentrate. 

The least temperature difference which the subject was able to detect correctly and consistently 
was taken to be the threshold stimulus for that sensation. No single reply was considered to be of 
any significance unless the next two greater temperature differences (in the order in which they 
appeared in the randomization table) were also correctly interpreted. For indefinite replies such 
as ‘on the cool side of neutral’ or ‘warmish neutral, I think’, the threshold level was reduced by 
0-5° C if the succeeding ‘stronger’ stimulus (as delivered in the order of randomization) was clearly 
and correctly reported. 

Alterations of skin temperature were obtained by immersion of the hand up to the middle of the 
forearm in water at a suitable temperature for at least 45 min. The hand was then removed from 
the water and dried gently. If the subjects reported any spontaneous sensations or awareness of 
the hand after it was removed from the water, it was re-immersed until on further withdrawal it 
was found that ‘thermal equilibrium’ had been achieved. The skin temperature was found to 
change for 2-3 min, after which it remained constant for a period of about 10 min. During this 
time the test stimulus was applied, provided no spontaneous sensations or discomfort were reported. 
Immediately after each application the hand was returned into the water. Before and after 
altering the skin temperature in this way, the touch thresholds were evaluated by punctate and 
stroking stimuli delivered with a nylon thread mounted on a metal rod (Lele, Sinclair & Weddell, 
1954). Every figure reported in this paper is the average derived from five or more replicates of 
each threshold. 

In five subjects the copper and wooden stimuli of 0-78 mm* in cross-sectional area, both at 
a temperature of 19° C, were applied 10 times, each in a random order to the forehead and to the 
mucous membrane and the muco-cutaneous junction of the lips. The stimuli were gently lowered 
on to the test site so that they caused a just visible deformation at the area of contact. Each 
stimulus was kept on for from 3 to 5 sec. The interval between the application of successive 
stimuli was not less than 2 min. The stimuli were not shown to the subject who sat with eyes 
closed and was requested to report the nature of the sensation he experienced. An exactly com- 
parable series of experiments was subsequently carried out on three of these subjects using the 
copper wire and the nylon thread. 

In five additional subjects, none of whom had any previous experience of sensory testing, the 
quartz needles were inserted through the hairy skin of the forehead and the hand (in between the 
hair shafts) to depths varying randomly between 0-5 and 3-0 mm. The subjects were requested to 
report in their own terminology the nature of the first sensation evoked when the stimulus was 
delivered to the test site. They were shown the stimuli and were reassured that no portion of it 
would be left in their skin. They were asked to keep their eyes closed during the experiment, and 
stimuli were withheld in a random order to provide controls. 


OBSERVATIONS 
The resting skin temperatures of the various sites shown in Fig. 1 were 


‘measured after a state of ‘thermal equilibrium’ had been reached. These were 


found to vary from site to site, day to day, and from subject to subject. The 
lowest temperature recorded in these runs was 18° C and the highest, 35° C. 
On every occasion the test sites on the fingers were found to be significantly 
cooler (P <0-001) than those on the palm, the difference in the temperature 
ranging from 2 to 9° C. The thresholds for warmth and cold were determined 
with the 123 mm? tip at test sites 1 to 4 (Fig. 1) in six subjects. The order in 
which the sites were tested in each subject was randomized. The warmth and 


cold thresholds were found to vary independently of each other (Table 1). In 
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two subjects (L. P. and J.M.G.) no consistent thresholds could ever be estab- 
lished at site 1, because a variable proportion (up to 30%) of the total number 
of responses elicited from that site were the reverse of those which might have 
been expected. For example, L.P. in one run reported ‘stinging hot’ at +7 
(i.e. a stimulus temperature 7° C above the skin temperature), at —7 and — 10. 
Cold was reported at +3 and +5; the remaining stimuli in this run being 
reported as neutral. In two of the other four subjects, site 1 was found to be 
relatively insensitive to warmth, although the cold sensitivity was of the same 
order as at other test sites. In these two subjects, however, site 5 was found 
to have reproducible warmth and cold thresholds. 


Tasie 1. Warmth (W) and cold (C) thresholds in ° C above and below skin temperature 
(Stimulus size, 123 mm*) 


Site 
Subject A 
1 2 3 4 5 
D.C. 8. W +11-5 +04 +2-2 -—0-8 
C 36 —3-8 —2-6 —20 
D. A. T. W + 0-2 +10 0-0 +0°5 — 
C - 10 —16 -20 -1-8 
J. M. G. Ww Unobtainable +2-0 +0-8 +10 
C Unobtainable — 2-6 — 
L. P. W Unobtainable +8-0 +18 +10 — 
C Unobtainable —2-4 -—2-3 -—1-4 — 
R. J. Ww + 16 +14 +10 +16 — 
C 36 —26 —2-2 —1-4 — 
W. D. T. ae + 88 +4-4 +10 +10 +3-2 
C 08 -3-2 -3-6 -—2-0 —16 


To find out whether this variability of the thresholds was due to the influence 
of skin temperature or was characteristic of the site stimulated, thresholds at 
one site were determined at different skin temperatures and then at different 
sites at the same temperature in each subject. 


Relationship between threshold and skin temperature 

A single site in six subjects was examined in detail using the 123 mm? 
stimulus, the temperature of the hand being varied between 14 and 38° C in 
a random order by the immersion of the hand in water at a suitable tempera- 
ture. During these experiments, it was found that the lowest temperatures 
which could be tolerated without the supervention of pain or paraesthesia 
varied from 13 to 20°C in different subjects. Correspondingly, the highest 
temperatures which could be tolerated lay between 41 and 46° C. The operative 
skin temperatures so obtained ranged from 14 to 18° C with cold water, and 
34-5 to 38-5°C with hot water. No alterations in touch thresholds could be 
detected when the skin temperatures were within these limits. Since it was not 
possible to complete the tests in the course of one session, the reproducibility 
of the thresholds at many skin temperatures was checked. 
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Fig. 2 shows the observations made in the case of one subject (R.J. site 4), 
comparable observations having been made in the case of the remaining five 
subjects at a different site in each case. It is at once evident from this figure 
that the thresholds are related to the skin temperature and that this relation 
is different in the case of warmth and cold. At low temperatures the threshold 
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Fig. 2. Graph showing threshold stimuli for warmth and cold 
plotted against skin temperature in ° C. 


for warmth is higher and gradually becomes lower as the skin temperature 
rises. This continues until a temperature of 37-5°C is reached, when the 
threshold for warmth is lowest. The thresholds for cold show a trend in the 
opposite direction, being lowest at low skin temperatures and increasing as 
the skin temperature rises. The neutral zone, that is the range of stimulus 
temperatures above and below the skin temperature in which no thermal 
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sensation is reported, is narrowest at skin temperatures between 35 and 37° C. 
The threshold-skin temperature curve for warmth differs from that for cold in 
that it slopes more steeply. The one for cold is practically horizontal at lower 
skin temperatures, but since the stimulus temperatures were only varied in 
steps of one degree it would not in any case be possible to recognize a gradual 
slope, as differences of less than 1° C would not be manifest. 

At skin temperatures of about 38°C, the regular change gives place to 
a sudden change in both the warmth and the cold thresholds. The neutral zone 
suddenly becomes very wide, owing to the increase of both cold and warmth 
thresholds. To elicit warmth, stimulus temperatures of +8 or more are neces- 
sary and for cold —6 or more. This effect on the thresholds lasted for variable 
periods. The cold thresholds returned to their normal level in about 1 hr. But 
the warmth thresholds remained abnormally high for about 3 hr. It was not 
possible to raise the skin temperature of this particular subject above 38° C 
as immersion of the hand in water at higher temperatures caused pain. 

At skin temperatures below 16° C the subject remarked that the sensation 
of warmth was not as exact and precise as at higher temperatures, although 
cold was quite a definite and clear-cut sensation. He also took a longer time 
to respond to warm stimuli. At skin temperatures above 37-5° C the subject 
reported a qualitative alteration in the warmth sensation: ‘warmth is felt 
indistinctly as if the hand was frozen in snow’. At skin temperatures of 38° C, 
stimuli of +8 or more gave rise to a sensation compounded of warmth, touch 
and pain. The sensation of warmth was very faint and vague, the chief com- 
ponent being touch with an addition of slight pain. Subthreshold warm stimuli 
applied at the test site did not arouse any pain but evoked a sensation of touch 
alone. These same stimuli were reported as distinctly warm or very warm on 
the contra-lateral test site at which the skin temperature was 35° C. 

Reports which were the reverse of what might have been expected were 
made under certain conditions. At near-maximal skin temperature (c. 37° C) 
stimuli 1° C below the skin temperature were consistently reported as warm. 
On one occasion only, a warm stimulus +15 was reported as cold. This actually 
occurred when the skin temperature was at 20° C, 2 hr after it had been raised 
to 38°C. At this time the warmth threshold for the site (c. +3 for a skin 
temperature of 20° C) had not returned to its normal level. 

This phenomenon of the fall in the warmth and rise in the cold thresholds 
with a rise in the skin temperature up to a certain maximum (where this rela- 
tionship breaks down), was observed in the other five subjects. Although the 
slopes of the skin temperature-threshold curves and the temperatures to which 
the skin could be altered without causing pain varied, the comparable points 
on the curves lay within 1-5° C of each other. In two subjects the thresholds 
to warmth near to the maximal temperatures attained did not fall to below zero, 
but were about +1. In one subject at the highest skin temperature tested the 
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warmth thresholds suddenly became very low instead of rising very steeply as 
in the other subjects. The cold thresholds, however, showed a steep rise and 
the neutral zone therefore remained constant and did not become wider as in 
the other subjects. 


Variations in threshold due to site 

To find out whether the variations in the thermal thresholds at different 
sites were entirely due to the variations in the skin temperatures at these sites, 
threshold determinations (using a 123 mm? stimulus) were made with the sites 
brought to the same temperature. The thresholds (Table 2) were still found to 
differ from site to site, although the pattern of cutaneous innervation (i.e. 
hairy or glabrous type of skin) could not be held responsible for these differences. 


TaBLe 2. Warmth (W) and cold (C) thresholds in ° C above and below skin temperature; 
test sites in the same subject at the same skin temperature 


(Stimulus size, 123 mm*) 


Site 
A Skin temp. 

Subject 1 2 3 4 (°C) 
D. A. T. Ww 0-0 +0°5 0-0 -0°5 33 
+10 -1-0 -10 
J. M. G. W Unobtainable +2°5 +2-0 +10 31 
C Unobtainable +20 -20 
L. P. W Unobtainable Unobtainable +05 0-0 31 
C Unobtainable Unobtainable -40 -8-0 — 
R. J. W +15 +10 +10 +0°5 32 
C —4-0 —2-5 —3-0 -155 
W. D. T. W +45 +10 +0-5 +10 29 
C -10 . -20 -3-0 — 


Variations in threshold due to the cross-sectional area of the stimulus 

- Threshold determinations at two selected sites were made in each of four 
subjects, using 123, 50, 12-6 and 1-8 mm? tips in a random order. If the skin 
temperature changed in the course of an experiment the readings were dis- 
carded. The threshold for warmth (Table 3) was found to increase with 
a decrease in the cross-sectional area of the stimulus. In addition, it was 
found that the thresholds were more consistently reproducible when the stimuli 
of larger area were used and the scatter between the individual determinations 
was found to increase as the area of the stimulus decreased. With a stimulus 
1-8 mm? two of the four subjects could not detect the thermal nature of the 
stimuli even at +20. They reported the stimuli to be neutral or cool until the 
stimulus temperature rose to the level of about 45° C when they reported pain. 
It is of some interest to note that this inability to detect the correct thermal 
status of warm stimuli was noticed in each case when the glabrous skin was 
being stimulated (sites 2 and 5); whereas, the warmth thresholds were always 
obtainable over the hairy skin (site 3). 
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On the contrary, the thresholds for cold (Table 3) remained remarkably con- 
stant as the area of the stimulus decreased. In only one area in one subject 
(J.M.G., site 2) did the cold threshold show any noticeable rise, when the 
smallest stimulus was being used. 


TaBLe 3. Warmth and cold thresholds in relation to the cross-sectional area of the stimulus 


Skin area of the Warmth Cold 
Test 4 stimulus threshold threshold 
Subject site (°C) (mm*) (°C) (° C) 
D. A. T. 2 26 123-0 : +15 -10 
50-0 +20 -10 
12-6 -15 
18 Unobtainable, -15 
cannot be 
evoked 

3 25 123-0 +10 -10 
+15 -~10 
12-6 -10 
18 +20 -15 
E. P 4 21 123-0 +10 -10 
50-0 + 1-25 
12-6 + 2-50 

1-8 Unobtainable Unobtainable 

* paradoxical’ * paradoxical’ 
2 24 123-0 +0-°5 -15 
50-0 +0°5 -10 
12-6 +45 -10 
1-8 Unobtainable 

‘cal 
J. M. G. 3 25 123-0 0-0 -10 
50-0 0-0 -2-0 
12-6 +20 -20 
18 +30 -—2-0 
2 24 123-0 +20 0-5 
+3°5 
12-6 +40 —2-0 
1-8 Unobtainable, —4:5 
cannot be 
evoked 
J.G. 5 20 123-0 +10 -30 
50-0 +10 -3-0 
12-6 Unobtainable, -3 

18 not consistent Unobtainable 
4 22 123-0 +10 -10 
+10 -1-0 
12-6 +15 -10 
1-8 +2-0 


Stimulation with the 1:8 mm* tip was often followed by an ‘after-glow’ 
which was initially thermal in nature and then became tactile, fading gradually 
in 10-15 sec. It was also noticed that the stimulus had to be kept on to the 
test site for a certain minimum duration below which even the supra-threshold 
stimuli did not evoke any sensation. A further study relating to this point is 
in progress. 


— 


‘ 
4 


CUTANEOUS THERMAL THRESHOLDS 199 


When the copper cylinder of 0-78 mm? at 19° C was applied to the forehead 
and lips, 98 % of the reports elicited were ‘cold like metal’ whereas 95% of the 
reports following stimulation with the wooden cylinder of the same cross- 
sectional area and also at 19° C were ‘touch—neither warm nor cold’. These 
observations were confirmed in three of these subjects using the copper wire 
and nylon thread, both 0-102 mm? and at 19° C on the lip and in some cases 
on the forehead and hairy skin of the hand, but none of the subjects reported 
‘cold’ when the stimulus was applied to the test sites 1, 2 and 5 on the palm 
of the hand. 


TaBLE 4. Responses of subjects on penetration with the quartz needles into hairy skin 


Prick 
Subject and sting Touch Tickle Warmth Cold Nothing Itch Total 


A. W. D. 45 54 I Nil Nil 6 Nil 106 
F. B. 54 67 2 Nil Nil 5 Nil 128 
B. P. 85 98 1 Nil Nil 24 Nil 208 
J. G. 38 17 32 Nil Nil 3 13 103 
A. 8, 76 83 3 Nil Nil 19 6 187 


Following these experiments two subjects volunteered the information that 
even the application of a pin point to the forehead or the lip aroused a sensa- 
tion of cold. To test the contention that a pin point could arouse such a sensa- 
tion by direct stimulation of ‘cold nerve-endings’, quartz needles were inserted 
into the hairy skin of the forehead and of the hand to depths varying from 0-5 
to 3-0 mm in a random order in five additional unsophisticated subjects. In 
each subject over 100 stimuli were delivered and the subjects were requested 
to report in their own terminology the nature of the first sensation in the test 
area of which they were aware. The results analysed in Table 4 show that reports 
referable to the warmth and cold modalities were absent. 


DISCUSSION 


In the past, most investigators imbued with the conception that the cutaneous 
sensory unit is a modality specific point (a natural outcome of the von Frey 
theory of punctate sensibility, 1895) chose thermal stimuli of the smallest 
possible dimensions, for the investigation of thermal sensibility. The use of 
such minute and unnatural stimuli in untrained subjects led to experimental 
results which were usually variable, often discrepant, and sometimes even 
conflicting (Blix, 1882; Goldscheider, 1911; Bing & Skouby, 1949). This is no 
longer surprising in view of the fact that the scatter of the results is large when 
the stimulus size is small and falls rapidly with an increase in the cross-sec- 
tional area of the stimulus. This has recently been demonstrated both for tac- 
tile (Lele, Sinclair & Weddell, 1954) and radiant thermal stimuli (Wright, 1951; 
Lele, Weddell & Williams, 1954). For this reason, a stimulus 123 mm? in 
cross-sectional area (the largest size which could conveniently rest on the 
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smallest test site) was selected for use in the quantitative aspects of this 
investigation. 

In addition, many of the earlier investigators in their preoccupation with the 
physical attributes of the stimulus, i.e. the shape, size, duration, thermal state, 
etc., have neglected to take into account the state of the receptor organ, the 
skin. Moreover, no attention seems to have been paid to the second law of 
thermodynamics and no attempts were made to measure the temperature of 
the skin before applying the stimulus. The resting skin temperature measured 
in the preliminary runs in this investigation was found to vary between 18 and 
35° C at thermal ‘equilibrium’, An analysis of the literature shows that in 
sensory testing experiments various stimulus temperatures from 34 to 43°C 
have been used to test for warmth and temperatures up to 30° C for cold, 
regardless of the skin temperature (Lowenstein & Dallenbach, 1930). Since 
the skin temperatures have not been taken into account it is probable that 
‘some fallacious results have been reported. For instance, at a skin temperature 
of 20° C a ‘cold’ stimulus of 24° C would be recorded as an instance of ‘para- 
doxical’ warmth. 

The alterations in skin temperatures induced by immersion in water were 
within the physiological range as they did not exceed the limits of ‘normal’ 
skin temperatures obtained in the preliminary experiments by more than 
+ 2° C in all but a few experiments. And, since in our experiments the tests 
were carried out only when the skin temperature was stable and only in the 
absence of subjective sensory phenomena and of any changes in touch thresholds 
(Marshall, 1953), it seems reasonable to conclude that the results relative to 
thresholds and skin temperature reflect the mechanism underlying thermal 
sensibility under physiological conditions. Under these experimental condi- 
tions it has been demonstrated that warmth and cold thresholds are not fixed 
quantities but vary independently of each other, from subject to subject and 
from site to site, and are related to the temperature of the blood and the ambient 
temperature. Since threshold is a measure of the degree of excitability of 
nerve endings, this means that the activity of the nerve endings subserving 
temperature sensibility must be directly related to the state of their thermal 
environment. However, it is evident (Fig. 2) that a sensation of warmth was 
reported when the sum of the skin temperature and stimulus difference lay 
between wide limits, i.e. approximately 21 and 35° C. Thus it is unlikely that 
nerve endings subserving thermal sensibility in the test sites examined, behave 
as ‘thermometers’ giving rise to impulses only when brought within the tem- 
perature range to which they are specifically sensitive (Hering, 1877). The 
results reported by Lele, Weddell & Williams (1954), who used radiant thermal 
stimuli, confirm the observation that nerve terminals related to thermal sensi- 
bility do not behave as ‘thermometers’. Again, with reference to previous 
investigators not cognizant of the fact that the threshold for warmth is high 
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at low skin temperatures, inadequate ‘warm’ stimuli in this range would 
appear to yield a dissociated anaesthesia for warmth where none in fact 
existed. Clearly, therefore, skin temperature and the threshold variability will 
have to be taken into account in future physiological and clinical studies 
concerned with thermal sensibility. 

The only other attempt to investigate the variability of temperature 
thresholds is that of Ebaugh & Thauer (1950) and Thauer & Ebaugh (1952) 
who exposed two subjects to varying environmental temperatures for 20-30 min 
during which time, presumably, ‘thermal equilibrium’ occurred (though sur- 
prisingly enough they did not mention anything about this). They then 
measured warmth thresholds by exposing the test site (i.e. the forehead) to 
a block of dry ice. They reported no changes in warmth thresholds though the 
cold thresholds increased with rising skin temperature. The range of skin 
temperatures attained in their study was from 30 to 34°C. It is clear from 
Fig. 2 that within this range of skin temperatures, although cold thresholds 
increase slightly, the warmth thresholds change very little, if at all. It is not 
surprising therefore that Ebaugh & Thauer overlooked changes in the warmth 
threshold although they detected an increase in the cold thresholds with a rise 
in skin temperature. 

Even when the skin temperatures at different test sites were the same, the 
thresholds for warmth and cold (using 123 mm? stimulus) are seen to vary 
independently of each other within wide limits at different sites. Some areas 
are found to be comparatively insensitive to cold, to warmth or to both. How- 
ever it is not possible to ascribe this to any distinct difference in the pattern 
of innervation of the test sites, i.e. to glabrous or hairy type of skin. There is 
no reason to suppose that this state of affairs is restricted to the hand and does 
not apply to other regions of the body. Thus, because of the variability of the 
skin temperatures and of the thresholds, it is apparent that a given stimulus 
which is adequate to evoke a thermal sensation at one site on one occasion may 
be inadequate at another site or at the same site on another occasion. 

Paradoxical is a word derived from the Greek, meaning ‘incredible’ or 
‘occurring at variance with the normal rule’. Hence ‘paradoxical’ cold would 
mean the sensation of cold elicited when a warm stimulus has been applied. 
In the present context a warm stimulus is any stimulus at a higher tempera- 
ture than the skin surface. Similarly, ‘paradoxical’ warmth would be the 
sensation of warmth evoked by a stimulus at a lower temperature than the 
skin surface. Defined thus, paradoxical sensations were not infrequently 
noticed in the course of this investigation. The incidence of paradoxical sensa- 
tions was much greater in some subjects and at certain sites. At site 1, even 
using a stimulus size of 123 mm?, it was not possible to establish consistent 
thresholds in two subjects, because in a number of runs as many as 30% of the 
responses elicited were paradoxical. At this site, the change in skin tempera- 
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ture did not materially alter the number of such responses. Some other sites 
which had consistent reproducible thresholds also yielded consistent para- 
doxical responses when the skin temperature was within a certain range, e.g. at 
site 4 at a skin temperature between 32 and 35° C a stimulus of —1 was con- 
sistently reported warm. However, all sites gave a large number of paradoxical 
responses for up to 3 hr after immersion in water at the highest temperatures 
that could be tolerated without pain. 

Paradoxical sensations have been described by many workers such as 
Striimpell (1881), Blix (1882), Goldscheider (1911) and, more recently, Jenkins 
(1938); and they have been used by some to formulate hypotheses about the 
depths at which heat and cold receptors lay. Von Frey (1895), because of his 
belief in the specific and punctate nature of the cutaneous unit of sensibility, 
laid down that for a sensation to be termed ‘paradoxical’, a single modality- 
specific end-organ must be stimulated by a specific temperature and a response 
of the opposite sign obtained. However, since doubt has been cast on the 
morphological specificity of the encapsulated nerve endings, many of them 
having been demonstrated to be histological artifacts owing to imperfect 
technique (Weddell, Pallie & Palmer, 1954), the suspicion arises that many 
‘paradoxical’ responses may have been functional artifacts owing to imperfect 
experimental design. It is probable, however, that some of the consistently 
recurring instances of paradoxical sensation encountered in this investigation 
and those of Sinclair & Hinshaw (1951) are of significance in relation to the 
mechanism of sensibility. 

The variability of the thresholds in relation to the cross-sectional area of the 
stimulus clearly indicates that the site of the stimulus is an important factor 
in thermal sensibility and particularly so in investigations of a quantitative 
nature. The fact that the thresholds, as well as the scatter of the observations, 
rise with decreasing stimulus size makes it necessary to use stimuli of relatively 
large cross-sectional area if consistent results are to be obtained. 

Warmth thresholds show a marked fall as the cross-sectional area of the 
stimulus increases from 1-8 to 123 mm? and this is evidence of spatial summa- 
tion for warmth within this range. On the other hand, in the case of cold 
stimuli of the same cross-sectional areas there is no clear-cut evidence in favour 
of spatial summation. Of particular interest is the fact that in certain regions 
(always provided there is a reasonable difference of temperature between the 
stimulus and the skin) the cross-sectional area of the stimulus necessary to 
arouse a report of cold is so small as to lead the subject into the belief that 
a point ‘cold’ source is an adequate stimulus; moreover, it appears that there 
is virtually no region on the lips or the forehead which, when stimulated with 
a point ‘cold’ source, does not evoke a report of cold. This effect is somewhat 
less marked on the back of the hand and is not demonstrable in certain regions 
on the palm and fingers. It is also clear that the point ‘cold’ source is, in 
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effect, an object which can conduct heat from the skin, for cold is never 
reported when a non-conductor is employed under similar circumstances. 
Presumably, it might be argued that there are end-organs which give rise to 
impulses in response to ‘cold’ just beneath the skin surface and that the more 
available they are to stimulation (i.e. the thinner the cornified layer) the more 
the skin surface as a whole gives rise to reports of cold when stimulated. In 
other words, it might seem that endings for ‘cold’ are very numerous and cold 
‘spots’ are due to the relative accessibility of specific ‘cold nerve endings’ 
rather than the absence of such endings in between ‘cold spots’. 
If this argument were true, then it should be possible to insert needles into 
the skin and stimulate endings or nerve fibres to arouse reports of cold and 
warm as well as other modalities commonly reported as being ‘felt in the skin’. 
Woollard, Weddell & Harpman (1940) claimed that this could be done; however 
a re-analysis of their observations (in consultation with Dr Weddell), with 
particular reference to their methods, shows that thermal sensations were only 
aroused when fine steel needles were used. The needles were prepared by etching 
so that surmounting the shaft there was a fine (20-80,) tip of approximately 
uniform diameter from 1 to 4mm in length. Reports of cold and warmth 
sensations were few and far between, and occurred only when the whole of the 
tip had been inserted into the skin. The present observations show that, 
during over 700 penetrations, all the sensations reported in Table 4 could be 
aroused except those of a thermal nature when quartz needles were used. The 
critical difference between these two sets of experiments is the thermal con- 
ductivity of the material from which the needles were made. These observa- 
tions in conjunction with those of Bishop (1943) strongly suggest that the 
various reports elicited, including those relating to the temperature mode, are 
related not to the stimulation of specific endings but to the manner in which 
non-specific nerve endings or fibres in the skin are stimulated. These observa- 
tions, together with those of Woollard et al. (1940), suggest that cold stimuli are 
more likely to affect non-specific nerve endings lying in strata more accessible 
and therefore usually more superficial than those related to the warmth mode. 


SUMMARY 


1. The skin temperatures at various test sites on the hand vary between 
18 and 35° C even when the subject is in thermal equilibrium at a constant 
ambient temperature. | 

2. The thresholds (defined as the least temperature differences which can 
be distinetly perceived) to contact warmth and cold stimuli vary from subject 
to subject, and from site to site, and do so independently of each other. They 
are, however, consistently related to the skin temperature at the site under 
test. The warmth thresholds are high at low skin temperature and decrease as 
the skin temperature rises. The cold thresholds are lowest at low skin tem- 
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peratures and increase when the skin temperature rises above 35°C. The 
variation of the thermal thresholds with skin temperature is far more pro- 
nounced for warmth than for cold, and persists till the skin temperature 
reaches the upper limit of the physiological range. 

3. The thresholds vary from site to site even when the sites are at the same 
temperature, and this variability is not correlated with the neurohistological 
pattern of the skin, viz. glabrous or hairy skin. 

4. The thresholds also vary in relation to the cross-sectional area of the 
stimulus in the range studied, the warmth threshold rising as the cross-sec- 
tional area decreases. Cold thresholds do not show a comparable increase as 
area decreases. 

5. A cold sensation can be elicited by areas of the size of a pin point pro- 
vided the stimulus is able to conduct heat rapidly. No thermal responses are 
elicited when the skin is pierced for up to 3 mm by fine quartz needles, although 
touch, prick, itch, tickle and no sensation are reported. It is suggested that 
cold stimuli are more likely to affect non-specific nerve endings lying in strata 
more accessible and therefore usually more superficial than those related to the 
warmth mode. 

6. The importance of these facts in relation to clinical sensory testing is 
evident. 


Grateful thanks are due to the volunteers who took part in this investigation, which was made 
possible by a grant from the Rockefeller Foundation to Dr Weddell. I also wish to thank Dr G. 
Weddell and Dr D. C. Sinclair for their advice and encouragement without which this work would 
never have been completed. 
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THE RELATIONSHIP BETWEEN HEAT TRANSFER, SKIN 
TEMPERATURE AND CUTANEOUS SENSIBILITY 
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The recent observations of Sinclair, Weddell & Zander (1952), Hagen, Knoche, 
Sinclair & Weddell (1953) and Weddell, Pallie & Palmer (1954) have demon- 
strated that responses of warmth and cold can be evoked from the greater } 
part of the body surface in the absence of encapsulated nerve endings. They 
have also shown that in limited areas of the skin (as opposed to mucous mem- 
branes) in which encapsulated nerve endings abound (the palm of the hand, 
sole of the foot and parts of the dorsum of the digits), the diversity in size and 
configuration of their cellular and neural elements is such that any classifica- | 
tion of encapsulated endings in the skin becomes purely arbitrary. On the | 
other hand, in both glabrous and hairy skin ensheathed nerve fibres arising 
from the cutaneous nerve plexus give rise at all levels in the skin (from the 
stratum granulosum of the epidermis to the junction of the dermis and the 
subcutaneous tissues) to a widespread series of fine naked axoplasmic filaments 
which interweave but do not fuse with one another. However, the most recent 
and extensive work on thermal sensibility aroused by radiant energy (Oppel 
& Hardy, 1937a, b; Hardy & Oppel, 1937, 1938) has been carried out in the 
light of the hypothesis that there are morphologically specific encapsulated 
nerve endings in the skin which subserve warmth and cold sensibility. It was | 
therefore considered necessary to re-investigate the nature of the sensations 
aroused by the application of graded thermal stimuli to the surface of the skin 
and, in particular, of radiant heat transfer. , 
In the case of blackened skin, or when using non-penetrating infrared rays, | 
all incident energy is absorbed at the skin surface (i.e. no rays penetrate 
beyond 0-1 mm, Oppel & Hardy, 1937a). Thus Hardy concluded that incident 
energy of this kind is unlikely to excite thermal receptors directly but only as 
the result of heat conducted from the surface. This suggested that the tem- 
perature of the skin surface was an important link in the causal train of events 


* On study leave from the Indian Council for Medical Research. 
t Rhodes Scholar, Exeter College, Oxford. 


‘ 
206 
4 
4 


HEAT TRANSFER AND CUTANEOUS SENSIBILITY 207 


between the energy applied to the surface of the skin and the sensations evoked. 
Experiments were therefore designed as follows: (1) to enable a given rate of 
heat transfer to be correlated with the rise in the temperature of the skin sur- 
face and the sensation reported; (2) to enable measured rates of heat transfer 
(both positive and negative) to be correlated with the nature of the first 
sensations reported; and (3) to correlate the rise or fall in skin temperature 
induced by immersion in water at known temperatures with the sensations 
reported over an extended period of time. These three sets of experiments are 
referred to as series I, series II and series III, respectively. 


SERIES I 


METHODS 
Design of the stimulator 
This consisted of a 1000 W grid filament projector lamp, connected to the mains through a trans- 
former, the output voltage of which could be varied. The lamp was enclosed within a metal 
container which served to screen unwanted radiations from the subject. The radiation from one 
side of the filament passed down a glass tube, the internal surface of which had been mirror-coated 
with silver, The surface-silvered glass tube not only served to diminish heat transfer by convection 
currents, but, by internally reflecting a high percentage of the entering rays, allowed heating 


1000 W grid filament 
lamp in metal container 


Variable output 
transformer 


Fig. 1. The radiant heat stimulator used in series I. 


adequate for our purposes to be obtained at voltages low enough to produce no more than a red- 
orange colour of the filament. Designed in this way, the apparatus did not produce uniform 
intensity over the whole field which was exposed, but the ‘fall off’ towards the periphery was 
measured and led to the design of the stimulator described in our second series of experiments. 
A diaphragm situated at the end of the tube was set so that an area of skin of 9-6 cm* only was 
stimulated in each experiment in this series (Fig. 1). 


Calibration of the stimulator 

A Moll type bolometer fitted with a silvered cone (to collect all the radiation from the black 
body) was calibrated by determining the rates of heat transfer occurring between a black body of 
known temperature (a block of iron into which was inserted a platinum/13% rhodium-platinum 
thermocouple) and a black body at room temperature (R.1.B.), according to the Stefan-Boltzmann 
equation: 

R=k 
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where R is the rate of heat transfer (cal/om* sec), & is the Stefan-Boltzmann constant 1-37 x 10-™ 
(cal/cm? sec), 7', is the absolute temperature of the receiver, 7’, is the absolute temperature of the 
emitter. The rates of heat transferred by the filament at different temperatures to a black body at 


Tasce 1. Rates of heat transfer at the centre of aperture 


Rate of heat transfer (cal/em? sec) 


i 


Distance from centre of aperture (mm) 


Fig. 2. Rates of heat transfer at different points on a radius 
from the centre of the aperture used in series I. 


room temperature were then measured with the bolometer and the heat transfer expressed in 
cal/om* sec. The figures for the rates of heat transferred at the centre of the designated aperture 
are given in Table 1. Rates of heat transfer at different points on a radius from the centre of the 
aperture were also measured, and curves showing the ‘fall off’ towards the peripbery thus derived 
are shown in Fig. 2. Since the heat transfer over the area of skin exposed was not uniform, it was 


I 
1 
Transformer Rates of heat 
transfer 
) (cal/em* sec) 
; 15 0-0031 | 
25 0-070 
35 0-142 
| 45 0-283 
55 0-402 
| 65 0-504 
75 0-600 (by extrapolation) 

0-52 
| 0-48 

0-44 
0-40 

0-36 
0-32 
0-28 
65V 

0-24 
0-20 
0-16 
0-12 
45V 
| 0-08 
0-04 
| 
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not possible to correlate our observations directly with a given rate. We therefore decided to refer 
them to the voltage applied to the filament of the lamp as being a more convenient (arbitrary) 
figure for comparative purposes. 


Measurement of the skin temperature 
The temperature of the skin surface was measured with a single copper-constantan thermocouple 


(40 s.w.g.) connected to a short-period galvanometer which was calibrated against a constant 
temperature paraffin bath to give a deflexion of 1 cm for 3° C. 


Design of experiments 

The experiments were carried out on three subjects in a quiet room which was free from draughts 
and thermally stable at a temperature of 17° C (+ 1° C). The dorsum of the right hand in three 
subjects was covered with dead black paint and the wire loop forming the thermocouple was placed 
around the hand so that the junction lay in the centre of the blackened area. The hand was then 
positioned so that the junction was in the centre of the aperture of the stimulator. The position of 
the junction was checked at the end of each run and if it was found to be out of centre, the 
readings were rejected. 

Series A, The effect of six intensities of heat transfer was studied in each subject in whom the 
skin surface at the test area had remained constant for at least 30 min, during which time no 
thermal sensations were reported as having arisen from within the area of skin in question. The 
order in which the different rates of heat transfer were applied was randomized and two very low 
(0-20 V) intensities were included in each series. Not less than 20 min were allowed between 
exposures (each of which lasted for an arbitrary period of 180 sec) for the skin temperature to 
become ‘stable’. Seven replicates for each rate were obtained in each subject. In no case were all 
the runs for one intensity given on the same day. 

Series B. A further series of exposures were carried out in exactly the same way but in each case 
the skin was deliberately ‘stabilized’ at a temperature other than that at which it had become 
‘stabilized’ in the constant temperature room. This was achieved by immersing the hand in water 
at appropriate temperatures for a period of at least 30 min, the hand being returned to the water 
between each exposure (Lele, 1954). 

Method of recording 

The galvanometer deflexions produced by the change in the surface temperature of the skin, 
together with the face of a stopwatch recording the lapse of time from the onset of stimulation, 
were photographed at suitable intervals. The maximum time lag of the galvanometer was 0-375 sec 
for full-scale deflexion. At the onset of stimulation, a magnetic tape recorder running at constant 
speed was brought into use, and the subject was told to give a running account of his observations 
into a microphone. The stimulus was applied for 180 sec but records of the skin temperature and 
sensations reported were taken for a further period of about 15 sec. By this means, it was possible 
to compute diagrams illustrating the temporal relationships between the energy applied to the sur- 
face of the skin, the temperature of the skin surface, and the observations reported by the subjects. 


OBSERVATIONS 
Relationship between rate of heat transfer and the rise 
in the surface temperature of the skin 
Figs. 3 and 4 are a series of curves composed from data selected at random from 
the experiments carried out on one subject (C.M. W.), but arranged to include 
all the radiation intensities employed. These figures are comparable in every 
way to those obtained at the same radiation intensities for other subjects, as 
judged by superimposition of curves. Fig. 3 shows that the rise in — 
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Hand removed 
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Time (sec) 
Fig. 3. The rise in surface temperature of the dorsum of the hand (°C). J (innominate), F W (faint 


warm), W (warm), V W (very warm), S (stinging), P (pain), JP (intolerable pain), ? (perhaps), 
FW-W (between faint warm and warm), + (more intense). 


of the skin surface is proportional to the rate of heat transfer applied. For 
instance, it will be seen that at the end of 9 sec: 


Intensity of Skin 
heat transfer temperature rise 
(V) (°C) 
25 1-7 
35 3-2 
45 5-7 
55 10-1 
65 
13-7 


At the end of 180 sec (Fig. 4), however, it is only possible to compare the 
rise in temperature of the skin surface produced by the three lower intensities 
of radiation for, at the higher intensities, the subjects were compelled to with- 
draw their hands because of the onset of intolerable pain. Thus at the end of 
180 sec: 

Intensity of Skin 


heat transfer temperature rise 
(V) (°C) 
25 4-3 
35 9-4 
45 11-0 


It is evident from Figs. 3 and 4 that, in the case of rates of heat transfer 
produced by the higher voltages (55, 65, 75), the rate of rise of the skin tempera- 
ture underwent only a relatively small diminution before the subject withdrew 
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Fig. 4. The rise in surface temperature of the dorsum of the hand (° C). J (innominate), F W (faint 
warm), W (warm), VW (very warm), S (stinging), P (pain), 7P (intolerable pain), de (very 
warm with sting perhaps), bag (very warm with sting), ? (perhaps), + (more intense). 


the hand. In the case of the three lower intensities, however, the rate of rise 
of skin temperature, although relatively large initially, began to diminish at 
the end of about 25 sec. To determine whether this diminution was the result 
of a change in the blood flow through irradiated skin, comparable experiments 
were carried out on a hand which was first rendered ‘avascular’ with an 
Esmarch’s bandage and then maintained ‘bloodless’ by a tourniquet around 
the arm. The heating curves under these conditions (Fig. 5) show that the 
surface temperature of ‘avascular’ skin rose to a greater height than norma] 
skin at equivalent rates of heat transfer. 


Relationship between the rise of the surface temperature of the skin 
and the sensations reported by the subject 
Magnitude of rise. Table 2 (taken from Figs. 3 and 4 for convenience) shows 
the magnitude of the rise in the surface temperature of the skin at six different 
intensities of radiation when the sensations listed were first reported. This 
table is paralleled in the case of the other subjects with the exception that the 
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first sensations reported were warm as opposed to faint warm when the three 
higher voltages (55, 65, 75) were employed. 

Figs. 3 and 4 show that the sensation reported depends upon the rate of rise 
of skin temperature as well as the height of the rise. Thus, under these condi- 
tions, a rise of 4-3° C (25 V) in 180 sec evoked a report of innominate (vide 
infra), whilst a 4-3° C rise at the other five intensities was reported either as 


13+ » 
\at 
12+ 
sob 
_,_‘Normal’ skin, 
6- 
* skin 
3+ ‘Normal’ skin 
25V 
2b 


0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 
Time (sec) 

Fig. 5. Surface temperature rise (° C); ‘normal’ skin compared with skin 
rendered ‘avascular’ with Esmarch’s bandage and tourniquet. 


TaBLE 2. Rise in surface skin temperature (° C) when sensations listed 
were first reported (taken from Figs. 3 and 4) 


Intensity of heat transfer (V) 
Sensations reported 25 35 45 55 65) 75 
Faint warm 06 OF 22 40 675 22 
Warm —- 24 42 52 40 £37 
Very warm — — 5-2 75 5-8 8-1 
Stinging 90 98 94 
Pain — U6 124 
Intolerable pain — 40 47 142 


warm or as faint warm after progressively shorter time intervals as the inten- 
sity increased. It is also clear from Fig. 3 that a given sensation is reported 
after a longer time interval following irradiation at a lower rate and vice versa. 
For instance, faint warm was reported in 4 sec after irradiation at 25 V, at 
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2'5 sec after irradiation at 35 V and between 1 and 2 sec at all higher voltages. 
It is also of interest that the first and only senshtion reported was intolerable 
pain when a rate corresponding to 270 V was applied. These observations 
indicate that the sensation reported is related not only to the height of the rise 
but also to the rate at which the rise in surface temperature occurs. 

The range of sensory experience reported. It is possible to relate closely the 
experiences reported by each subject with the magnitude of the rise in skin 
temperature. This is seen in Figs. 3 and 4. The experiences reported were 
segregated for the purposes of description under one of the following eight 
headings, which were consistently employed by each of the subjects: (1) nothing, 
(2) innominate, (3) faint warm, (4) warm, (5) very warm, (6) stinging, burning or 
hot, (7) pain, and (8) intolerable pain. Under the heading of innominate we 


TABLE 3. The sequential order of sensations reported for thirteen different rates of heat 
transfer selected at random from seventy-five separate runs in one subject (C. M. W) 


Rate of heat 

transfer 

(V) The range of sensations 
0 N 
10 N 
15 N 
17-5 N 
20 NI 
22-5 NIFW 
25 N FW W 
35 N FWWVWSP 
45 N FWWUVWSPIP 
55 N FW WVWSPIP 
65 N W S IP 
75 N FW WVWSPIP 
270 N IP 


N (nothing), J (innominate), FW (faint warm), W (warm), VW (very warm), S (stinging), 
P (pain), JP (intolerable pain). 


included such reports as: ‘there’s something there, but I can’t name it’; or 
‘it’s less than faint warm but there is something there’. It can be seen from 
Table 3, which was selected at random, that reports varying from nothing to 
intolerable pain followed smoothly and progressively upon one another at 
successively higher voltages. The table was composed from raw data related to 
seventy-five separate runs in a single subject (C.M.W.) in which the initial 
skin temperature lay between 26-0 and 34:8°C. For the sake of clarity, no 
attempt has been made to include in the table data relative to the time of onset 
of the sensations reported. However, the time at which a particular sensation 
was reported diminished as the rate of heat transfer increased. Thus, intoler- 
able pain was reported within 2 sec at a voltage of 270 but after an interval of 
10-12 sec at a voltage of 75. Although the reports always referred in some 
way to one of the eight listed headings, those related to adjacent sensations 
merged insensibly from one into another. For instance, subjects would report 
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sensations in the following words: ‘It’s between faint warm and warm’, or 
‘It’s between warm and very warm’, or ‘ Very warm with slight sting perhaps’, 
or ‘Sting, perhaps pain’. And, finally, the distinction between ‘pain’ and 
‘intolerable pain’ was, in the opinion of the subjects, frequently misjudged, 
for, after removing the hand, the remark: ‘That was not intolerable, I could 
have stood it a little longer’ would follow. 

By contrast, in the case of exposures to the lower radiation intensities (in 
which the sensations reported never included intolerable pain) it was observed 
that, when the rate of rise in the surface temperature of the skin diminished 
to a low value, the range of sensory experience ceased to progress and, after an 
interval, sensations judged to be less intense than those preceding them were 
reported by subjects. For instance, it can be seen in Fig. 4 that, in the curve 
produced by 25 V, a faint warm sensation was followed by an innominate 
sensation; in the curve produced by 35 V, an unequivocal warm report was 
followed by a sensation reported as between faint warm and warm; and that 
the strong stinging sensation reported in the 45 V curve was followed by sensa- 
tions reported as very warm or very warm with sting perhaps. If the irradia- 
tion at either 25 or 35 V was continued for times ranging between 10 and 15 min, 
the surface temperature of the skin stabilized at a constant value and sensa- 
tions similar to those experienced when the skin temperature was rising were 
reported, but sequentially in the reverse order until finally nothing was 
reported. 


The relationship between the absolute temperature of the surface 
of the skin and the range of sensory experience reported 

The whole range of sensory experience from nothing to intolerable pain 
could always be elicited by appropriate rates of heat transfer whatever the 
surface temperature at ‘thermal neutrality’, a term which we have chosen to 
mean a resting state in which, with an objectively constant surface skin 
temperature, the subject reported no sensation from the test area. This was 
always the case even when the temperature of the surface of the skin was 
deliberately altered to a different level to that at which it had become 
‘stabilized’ in the test room. The surface temperature of the skin in the 
subjects used in the experimental series I A, ranged from 26 to 33° C and the 
absolute temperature to which the surface of the skin was brought in the 
subjects used in the experimental series IB ranged from 20-8 to 35° C and 
represented changes of as much as 10° C. It is therefore clear that the sensa- 
tion reported cannot be related directly with the absolute temperature of the 
skin surface. For instance, warm was reported at absolute skin temperatures 
lying as far apart as 26-3 and 38-9° C and pain was reported at temperatures 
lying between 36 and 46° C., 
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SERIES II 


To correlate rates of heat transfer with the range of sensory experience reported 
on a more quantitative basis, and to compare the effects of exposing different 
areas of skin to the same rate of heat transfer it was necessary to design a new 
stimulator. 
METHODS 
Design of the stimulator 

An insulated 1 gal. metal container was filled with liquid paraffin (B.P.) which could be heated 
electrically or cooled by solid carbon dioxide and stirred continuously. The stimulator was a } in. 
thick blackened copper cone inserted into the under surface of the container. Heat transfer took 
place between the black body and the dorsum of the hand through surface-silvered glass tubes of 


6V 


Insulated one gallon container 


Fig. 6. Radiant heat stimulator used in series 11. 


three different internal diameters, mounted in the manner shown in Fig. 6. Precautions were 
taken, by means of screening; so that heat transfer could only take place between the black body 
and areas of skin on the dorsum of the hand corresponding to the inner circumference of the silvered 
tubes. A series of readings taken with a Moll type bolometer showed that heat transfer (both 
negative and positive) was uniform over the area lying within the circumference of the tubes, 
throughout the range of absolute temperatures encountered in the course of our observations. 
Calibrations showed that the glass tubes introduced a heat transfer loss of 10+ 3% for the two 
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larger tubes and 1743 % for the smallest tube over the same range of absolute temperatures. The 
maximum temperature of the black body did not exceed 130° C so that the radiations emitted 
were longer than 3». Because the human skin, whether white or coloured, behaves virtually as 
a black body in respect of far infrared radiation, that is, to wavelengths longer than 3 » (Hardy, 
1934), we were able to calculate the rate of heat transfer by use of the Stefan-Boltzman equation, 
taking into account the heat transfer loss introduced by the tubes. 


Design of the experiment 

Five adult subjects (three male and two female) were used in this series of experiments. 

The nature of the experiment was explained to the subject as follows: * Will you place your hand 
upon this flannel-covered rest so that the centre of the back of your hand which I have marked 
reste just beneath but not in contact with the mouth of this tube? Directly your hand is in position, 
I want you to be prepared to tell me as soon as you feel anything.’ The skin temperature at the 
centre of the area under the tube was measured with a freely suspended copper-constantan thermo- 
couple, and the time between placing the hand in position beneath the tube and the subject's 
report of the first sensation was measured with a stopwatch. The subject was asked to remove the 
hand as soon as the first sensation had been reported, or if no sensation had been reported at the 
end of 30 sec. 

The temperature of the stimulator during each exposure was constant but at the start of an 
experimental run was varied at random from 20 to 100° C and either maintained constant during 
the run or progressively altered at arbitrarily varying rates. The order in which the different sized 
areas were exposed was randomized. In all, forty-four runs were carried out in five subjects, the 
shortest series of exposures in a run being nine over a period of 10 min, and the longest series of 
exposures being 45 over a period of 1 hr. 


OBSERVATIONS 
The range of sensations reported 

For rates of heat transfer lying between —0-0060 to +0-0200 cal/cm*sec the 
reports were divisible into eight broad categories: (1) cool or cold, (2) faint cool, 
(3) innominate, (4) nothing, (5) innominate, (6) faint warm, (7) warm, (8) very 
warm or hot. As in series I, reports categorized as innominate consisted of 
phrases such as: ‘There’s something there but I don’t know what it is’, or 
‘a vague feeling of something not neutral’ or ‘faint something’. Other re- 
sponses, less common, were that the sensation was ‘like a tickle’ or ‘tingling’ 
or ‘hazy tingling’ or ‘queer’ or ‘not a sensation of warmth, but something did 
happen which I can’t describe’, or ‘doubtful’, or ‘itching’ or ‘faint touch’. In 
all the subjects these statements were accompanied by a puzzled or intro- 
spective demeanour, and questioning elicited the fact that the sensations were 
difficult to describe and, in the opinion of the subject, could not be related to 
any single commonly recognized sensory experience. It is of interest that 
volunteers sought to evade experimental runs in which they thought such 
sensations would be evoked. 


The relationship between the rate of heat transfer and the 

first sensation reported (area remaining constant) 
This relationship is analysed in Tables 4 and 5, and it is at once clear that © 
the rate of heat transfer between the stimulator and the skin surface is directly 
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related to the category of the first sensation reported; that is, Table 4, which 
is concerned with heat transfer to the skin shows that a low rate is related to 
innominate sensations, whereas a high rate is related to very warm or hot 
sensations; on the other hand, Table 5 shows that a low negative rate was 
related to reports of innominate and a higher negative rate to reports of cool 


TaBe 4. The relationship between positive rates of heat transfer (average) 


and the first sensations reported 
Positive rates of heat transfer (mcal/cm* sec) 
stimulated ; Faint Very warm 

(cm*) Subject Innominate wann Warm or hot 
2-6 D. T. 8-3 10-7 13-4 14-6 
P. L. 4-4 6-7 9-9 13-4 
M. W. 5-3 5-0 5-3 0-7 
M. D. 8-7 13-1 14-9 a= 
K. P. 3-6 10-2 12-9 a 
9-6 D. T. 5-1 5-8 10-9 14-7 
P. L. 3-1 2-6 8-7 12-9 
M. W. 2-1 3-7 7:2 12-5 
M. D. 8-6 10-7 15-7 — 
K. P. 2-1 7-2 14-3 
40-6 D. T. 0-8 0-9 2-9 5-4 
P. L. 0-9 0-8 2-5 5-0 
M. W. 0-5 3-2 2-6 5-1 
M. D. 0-6 0-7 2-4 3-9 
K. P. 0-6 3-5 3-9 6-6 


Each figure given is the mean of the range of rates which evoked the sensation in the category 
listed. There is a significant difference between the rates evoking sensations reported as innominate 
and those evoking sensations of very warm or hot (P <0-001) for each area and in every subject. 
The rates evoking reports in adjacent categories are not always significantly different. 


Tasiz 5. The relationship between negative rates of heat transfer (average) 


and the first sensation reported 
Negative rates of heat transfer 
Area (mcal/cm* sec) 
stim 
(cm*) Subject Innominate Faint cool Cool or cold 
2-6 D.T 2-9 -3-0 -5-4 
P. L. ~19 - 2-6 -3-8 
40-6 D. T. -15 2:3 -3-7 
P. L. -1-1 -3-4 


Each figure given is the average of the range of rates which evoked the sensation in the category 
listed. 


or cold. The range of rates giving rise to innominate sensations were signifi- 
cantly different from the rates of heat transfer giving rise to, say, very warm 
or hot sensations (P <0-001) or cool or cold (P <0-001). However, the rates 
evoking sensations in adjacent categories were not always significantly different. 
In fact, there was clear indication of an overlap between rates of heat transfer 
and the first sensation reported, for all adjacent rates and categories. This is 
most easily demonstrated if the figures we obtained are plotted in the form of 
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a histogram (Fig. 7). Fig. 7 is constructed from all the data relating to one 
subject, D.A.T., but data from each of the other subjects gave comparable 


histograms when plotted in this manner. 
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Fig. 7. The rate of heat transfer in relation to the sensations first reported by subject D. A. T. 


The relationship between the area irradiated and the first sensation reported 
(rate of heat transfer remaining constant) 

Table 6 was also chosen for convenience from the data relating to subject 
D.A.T. and it shows that there is a direct relationship between the area 
irradiated and the first sensation reported for the same range of positive rates 
of heat transfer. In this case, the sensations were reported as innominate with 
the small tube, between innominate and warm with the medium-sized tube, 
and with one exception were very warm or hot with the large tube. Similar 
examples for different ranges of rates in the same subject can be seen in Fig. 7, 


and the same relationship was found to hold in the case of the remaining 
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subjects. This was also true for the sensation reported when negative rates of 
heat transfer took place at the skin surface. 


Taste 6. Relationship between area irradiated and the first sensation reported: 
positive rate of heat transfer constant 


Area (cm*) 2-6 9-6 40-6 
Sensation Rate Sensation Rate Sensation 
(meal/em* sec) reported —(mecal/om? sec) reported (mcal/cm® sec) reported 
6-0 I 6-4 W 6-1 W 
73 I 6-0 Fw 6-0 VW 
6-2 I 73 I 6-7 VW 
7-7 I 6-3 I 7-1 Vi 
70 I 7-9 VW 
Mean 6-8 6-0 VW 

7-7 VW 

6-7 Mean 

6-9 I 

78 I 

6-4 Fw 

7:2 W 

6-4 W 

6-2 Fw 

6-9 Fw 

7:3 I 

76 W 

6-3 FW 

Mean 6-9 


I (innominate), F W (faint warm), W (warm), VW (very warm or hot). 


The relationship between rate of heat transfer and reaction time (area constant) 

Table 7 shows that the mean reaction time to a low range of rates is signifi- 
cantly longer than the mean reaction time to a high range of rates(P <0-01) over 
the same area. This was true for all subjects used in each of these experiments. 


The relationship between the area stimulated and the reaction time 


Table 8 demonstrates that the mean reaction time to a given range of rates 
is significantly shorter in the case of the 40-6 cm? area than in either the 9-6 or 
2-6 cm* areas (P <0-001). The standard deviation of the mean reaction time 
is less with the large area than with the two smaller areas. This was true in all 
the subjects tested. This observation is in complete agreement with the recent 
extensive work of Wright (1951). : 


SERIES III 
Stimulator 
The stimulator used in this set of experiments was a 5 gal. bucket of water at a constant tem- 
perature. The water was stirred at intervals by moving the hand in the bucket. 


Measurement of skin temperature 
The temperature of a single point on the dorsum of the hand was measured with a copper- 
constantan thermocouple (40 s.w.g. wire) looped around the hand and connected to a galvano- 
meter which was calibrated against a constant temperature water-bath to give a deflexion of 
1 em/1° C, 
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area constant (9-6 cm*); subject D. T. 


Rates: 6-0 to 10-0 


(mcal/cm!? sec) 
Rate Time (sec) 
73 22-4 
7-8 3-6 
6-3 22-0 
73 118 
6-9 30-0 
6-7 26-2 
6-3 14-2 
6-9 6-7 
7-7 31 
8-5 3-0 
9-1 9-2 
9-5 6-0 
6-4 21-6 
6-2 14-9 
6-0 8-0 
6-1 7-8 
8-4 41 
8-9 41 
9-6 3-4 
8-9 10-6 
6-4 3-3 
7-2 46 
79 2-8 
6-4 5-4 
7-0 6-6 
7-6 13-0 
8-3 78 
9-2 53 
9-4 4°5 
9-2 2-7 
Mean 9-6 


Rates: 16-0 to 20-0 
(mcal/cm* sec) 


transfer: 6-0 to 8-0 mcal/cm? sec) 


9-6 
Time 
(mcal/cm? sec) (sec) 
6-4 5-4 
6-0 8-0 
73 11-8 
6-3 22-0 
7-9 2-8 
6-1 7-8 
70 6-6 
7-7 3-1 
6-7 26-2 
6-9 30-0 
78 3-6 
6-4 21-6 
7-2 46 
6-4 3-3 
6-2 14-9 
6-9 6-7 
73 22-4 
76 13-0 
6-3 14-2 
Mean 6-9 12-0 
8.D 
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TaBLE 7. Relationship between positive rates of heat transfer and reaction times; 


TaBLE 8. Relationship between reaction times and area stimulated: (Positive rate of heat 


40°6 
Rate Time 
(mceal/cm? sec) (sec) 
6-1 1-9 
6-0 1-5 
6-7 0-5 
71 1-4 
7-9 0-7 
6-0 0-4 
77 0-6 
Mean 6-8 1-0 
8.D. +0-6 


} Rate Time (sec) 
17-1 0-8 
18-0 18 
3 18-6 1-5 
18-9 0-8 
4 17-5 2-3 
16-4 3-7 
18-6 1-7 
16-4 2-0 
; 17-2 1-4 
Mean 17-6 1-8 
Area (cm*) ... 2-6 
Rate Time 
(meal/em* sec) (sec) 
: 6-0 29-0 
73 29-0 
6-2 30-0 
77 16-0 
7-0 12-6 
Mean 6-8 23-3 
8.D. +8-4 
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Design of the experiment 

Six subjects were used, five male and one female. The subject entered the constant temperature 
room where he remained until no sensations were reported as arising from the dorsum of the hand 
for a period of 10 min, during which time the skin temperature had remained constant. He was 
then asked to place his hand in the bucket so that it was immersed up to the level of the middle 
of the forearm. This arrangement allowed the hand to lie in the centre of the fluid mass. 

Method of recording 

The time from the immersion of the hand to its withdrawal was measured with a stopwatch and 
the subject was asked to give a running account of the sensations of which he was aware within 
the area to which the thermocouple had been fixed, i.e. the dorsum of the hand. 


OBSERVATIONS 

The observations are displayed graphically in Fig. 8. From a state of ‘thermal 
neutrality ’ immersion in water at 35° C caused an immediate rise in the surface 
temperature of the skin from 31-2 to 34-2° C. This was accompanied by a report 
of warm. After 90 sec from the time of immersion, the skin temperature had 
reached a steady level of 34-4° C. During the next 5 min, an ordered sequential 
reversal of sensations commonly reported when the surface temperature of the 
skin rises slowly took place until a state of ‘thermal neutrality’ was reported 
from the dorsum of the hand. This state continued for a further 14 min, at 
which time the temperature of the water in which the hand was immersed was 
raised by 1°C to 36°C, whereupon a sensation of warm was immediately 
reported. An exactly comparable sequence of events, but in the opposite sense, 
took place when the hand was immersed in water at a temperature helow that 
of the surface temperature of the skin. Fig. 8 was abstracted at random from 
data relating to a large number of experiments (95) in each of which the initial 
temperature of the water was different. The only consistent difference noted 
in this series was that the time which elapsed between immersion of the hand 
and the report of ‘thermal neutrality’ was longer the greater the difference 
between the skin temperature and the temperature of the water into which the 
hand was immersed. For instance, when the difference was small (4° C) the 
time taken to reach ‘thermal neutrality’ was approximately 5 min, whereas 
for a large difference (15° C) the time was from 30 to 60 min. These observa- 
tions illustrate quantitatively reports of a qualitative nature which can be 
obtained from anyone in the habit of taking a hot bath or who in a temperate 
climate goes swimming out of doors in the summer. 


DISCUSSION 


We have demonstrated that when the surface temperature of the skin is raised 
or lowered by radiant heat exchange the subjects report a range of sensations 
which do not fall into sharply demarcated categories. The categories reported 
merge insensibly from one into another as the surface temperature rises or falls 
but, for descriptive purposes, we included the reports in one of ten headings. 
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Each heading is related to a series of rates of heat transfer scattered about 
a mode, although the rates on either side of the mode are related to adjacent 


headings. 


1 
12 
Time (min) 


Fig. 8. Comparison between the rise or fall in surface skin temperature and the sensations reported. 
N (nothing reported from the test area), J (innominate), FW (faint warm), W (warm), 
VFW (very faint warm), FC (cool), FC—C (between cool and cold), C (cold), VC (very cold). 


We have also shown that subjects in a state of ‘thermal neutrality’ at a room 
temperature of 18° C had surface skin temperatures ranging from 20 to 35° C. 
Thus reports of sensations in a thermal category are not directly related to the 
absolute temperature of the skin surface. On the other hand, it is possible 
within certain limits to relate reports falling under a given heading to the 
magnitude of the heat transfer or height and rate of rise in surface temperature 
of a given area of skin. It is of importance here to refer to the work of Dodt & 
Zotterman (1952) on the action potentials evoked from the cat’s tongue in 
response to thermal stimulation. As the result of recording action potentials 
from single ‘warm’ fibres, they say ‘a sudden rise in temperature produces an 
increased frequency of impulses, the extent of which is dependent upon the 
rate of change and the height of the rise in temperature’. If the mechanisms 


q 36 Immersion 
. in water 
35 at 35°C Fass 
34 Vwi NNW N 
rw t 
33 w Immersion 
in 
; at 36° 
G 32 
WN W 
£n 
30 
29 Cc 
2 
4 & 27 immersion 
in water 
% be at 20°C 
25 
t Fo 1 NWN 
4 24 Immersion 
in water 

FC 

2 
§ 0 1 2 3 4 5 6 13 14 15 16 


it 
it 


HEAT TRANSFER AND CUTANEOUS SENSIBILITY 223 


involved in our experiments are comparable with those in the tongue of the 
cat it is reasonable to suppose that all the sensory experiences reported in our 
experiments as the result of heat exchange are also related to the frequency at 
which the receptors in the skin discharge. 

The effect of altering the area of skin involved must now be considered. We 
have shown that, if the rate of heat transfer remains constant, increasing the 
area of skin involved, increases the ‘intensity’ of the sensation evoked and vice 
versa. There is nothing new in the observation when expressed in this way. 
Weber (1846) has reported it, Hardy & Oppel (1937, 1938) have treated the 
subject mathematically and Wright (1951) has made it the subject of an 
interesting and important study. However, our observations take us a step 
further for we have demonstrated that the word ‘intensity’ of sensation 
cannot be confined to a single so-called primary sensory mode (warm or cold) 
when using heat exchange as a stimulus, These observations suggest that the 
sensory quality reported as the result of heat exchange is directly related to the 
number of nerve fibres activated and to the frequency at which these fibres 
discharge, i.e. to the total impulse frequency. 

We are thus faced with the fact that the word ‘threshold’ in respect of 
radiant heat exchange at the skin surface can refer to the minimal rate capable 
of evoking a sensation in at least three of the four commonly recognized 
primary modalities (i.e. cold, warmth and pain), as well as to sensations 
unrelated to these modalities (innominate). This suggests that the quality of 
the sensation reported as the result of radiant heat exchange (a ‘ pure’ physical 
stimulus) should be referred to the way in which the stimulus affects the skin 
and not to the specific physical nature of the stimulus. 

Thus it is difficult for us to compare our observations on thresholds with 
those of Hardy & Oppel (1937) without qualification. However, it is gratifying 
to find that our threshold figures for the reports gathered under the heading of 
‘faint warm’ are of the same order as those published by Hardy (see Table 9). 
We used the same kind of stimulus as Hardy but applied it to the skin in 
a different manner and measured the energy transferred in a more direct way. 

We have also observed that the time which elapses between the onset of 
irradiation of a given area of skin and the report of a sensation which can be 
related to one of the headings we have chosen is significantly shorter at high 
than at low rates of heat transfer. Further, the mean reaction time is signifi- 
cantly shorter if the same rate is applied over a large as compared with a small 
area. Once again, it is of interest to compare these observations with those of 
Zotterman (1937) in the cat. He has shown, when recording from the lingual 
nerve, that a drop of water at 50° C falling on the tongue gave rise to four 
action potentials after a latent period of 0-07 sec but that a drop of water at 
80° © gave rise to thirty-eight action potentials after a latent period of only 
0-023 sec. 
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Therefore, it seems not unreasonable to infer that the reaction times to heat 
exchange are inversely related to the total nerve impulse frequency evoked. 
A similar conclusion was drawn by Lele, Sinclair & Weddell (1954) from obser- 
vations related to ‘touch’ stimuli. 


TaBLe 9 
Rates evoking Lowest rate Average of 
reports of evoking lowest rate 
faint warm Average report of for five 
Area (cm*) Subject (mceal/om* sec) ofrange faint warm subjects 

2-6 D. T. 5-5-14-5 10-7 5-5 
P.L. 6-3— 7-1 6-7 6-3 

M. W. 2-5—- 7:5 5-0 2-5 6-1 
M. D. 9-9-17-4 13-1 9-9 
K. P. 6-5-13-3 10-2 6-5 
9-6 D. T. 3-4— 9-5 5-7 3-4 
P. L. 2-6 2-6 2-6 

M. W. 1-4— 7-2 3-7 1-4 3-6 
M. D. 8-1-14-6 10-7 8-1 
K. P. 2-4-10-9 71 2-4 
40-6 D. T. 0-2— 1-7 0-9 0-2 
P. L. 0-8 0-8 0-8 

M. W. 0-2- 5-1 3-2 0-2 0-7 
M. D. 0-3— 1-5 0-7 0-3 
K. P. 2-2— 4-9 3-5 2-2 


Hardy’s figures (Hardy & Oppel, 1937) for the ‘amount of radiation in gram calories per sq cm 
per second which were required to produce a barely perceptible sensation of warmth’ for different 
sized areas on the forehead are given below: 


ble rates 

Area (cm*) (meal/cm? sec) 
0-95 8-2 
3-46 2-8 
7-08 1-7 
10-00 1:3 

14-50 0-95 

23-80 0-6 
40-00 0-4 


If, as we have shown, the quality of the sensation reported as the result of 
heat transfer is directly related both to the height and rapidity of the rise of 
surface temperature of the skin, it might well be supposed that once the rise 
in temperature had ceased, the subject would report that he was no longer 
aware that his skin was being stimulated. This is not the case, for subjects 
continued to report sensations for a long period of time (anything between 
5 and 60 min) after the surface temperature of the skin had reached a plateau 
which remained level in the face of the continued application of heat. 

Now we have shown that the state of ‘thermal neutrality’ is not due to 
‘exhaustion’ either on the part of the receptors or the central nervous system 
for a rise or fall of 1° C in the surface temperature under conditions of ‘thermal 
neutrality’ immediately evokes the report of a sensation which can be placed 
under a heading in the warm or cold category. Thus, it is logical to explain — 
the sensations reported in the face of an objectively unchanging surface skin 
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temperature on the hypothesis that the surface temperature is different from 
that beneath the surface. If this is so, nerve impulses arise as the result of 
a difference in temperature between different parts of the skin. It must follow; 
then, that the nerve endings are so arranged that the skin behaves like 
a thermopile type of ‘bolometer’ rather than a ‘thermometer’. In other words, 
in relation to heat exchange the nerve terminals only give rise to propagated 
action potentials when conditions are such that the skin in which they lie is not 
isothermal. When the surface temperature of the skin rises or falls relative to 
the temperature of the tissues deep to it, sensations of a progressively more 
‘intense’ quality are reported. The fact that the surface temperature of the 
skin can cease to rise or fall is due to mechanisms which include alterations in 
blood flow through it; however, the fact that sensations are still evoked when 
the surface temperature is constant must mean that the deeper layers are not 
at the same temperature as the surface and it is suggested that the ordered 
sequential reversal of the sensory qualities reported must be a measure of the 
rate at which the difference in temperature between surface and deeper tissues 
declines. 

This conception of the mechanism by which an adequate stimulus evokes 
a thermal sensation is different from previous notions. The mechanism of the 


adequate stimulus has been the subject of a very considerable literature, 


although no agreement has yet been reached. Weber (1846) stated that thermal 
sensations were reported as the result of a change in the temperature of the 
skin, asserting that warmth was reported when the skin temperature rose and 
cold when it fell. Vierordt (1871) and Hering (1877) both showed that this was 
by no means always the case, and each postulated a theory which purported to 
explain his own findings in the light of previous work. Ebbecke (1917) pro- 
posed a theory to account for his own observations on the effect of blood flow 
on thermal sensibility. He carried out numerous experiments of which the 
following is an important example: when the skin of the forearm had been 
cooled by immersion in cold water until no sensation was reported, it was 
removed from the water, whereupon the surface temperature began to rise but 
the sensation reported was nevertheless cold; on the other hand, if the blood 
was prevented from returning by a tourniquet, no sensation was reported on 
removing the limb from the water until the tourniquet was released, after 
which a report of cold was soon made. This and other experiments led him to 
propose that a difference in temperature between the sub-cutis and the cutis 
would stimulate the warm organs to give a sensation of warm and that a dif- 
ference in temperature between the epidermis and cutis would stimulate cold 
organs to give a sensation of cold. Ebbecke’s theory was accepted and modified 
by many subsequent workers and has come to be known as the ‘spatial intra- 
cutaneous gradient’ theory. Bazett and his co-workers (Bazett, McGlone, 


Williams & Lufkin, 1932; Bazett & McGlone, 1932) have produced evidence 
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which supports their belief that morphologically specific receptors of the 
encapsulated type, situated at specifically different levels in the skin, record 
alterations in the slope of a thermal gradient between the surface and the 
blood stream. However, their theory has never been able to explain all the 
findings, and Bazett himself said, in 1941, that ‘the specific exposition of 
a gradient hypothesis is entirely unwarranted without further evidence, if 
such evidence can be obtained’. In 1949 he had not changed his opinion. 

We believe that a ‘spatial intracutaneous gradient’ theory which requires 
morphologically specific receptors is untenable for the following reasons. (1) 
The recent observations of Hagen ef al. (1953) have shown that thermal 
sensibility cannot be correlated with the presence of morphologically specific 
encapsulated endings. (2) We find it difficult to accept the implication that 
a single circumscribed receptor on a thermal gradient could record the altera- 
tion in the slope of that gradient. Encapsulated receptors, or nerves ending 
in relation to hair follicles, both by virtue of their circumscription, their 
configuration and their relative insulation (Weddell, Pallie & Palmer, 1954) 
are most unlikely to discharge in response to an alteration in the slope of 
thermal gradients in their immediate environment; they might be supposed to 
discharge in relation to the absolute temperatures of their environment, that 
is to act as thermometers. However, it has been shown that there is no relation 
between the absolute temperature of the skin surface and the thermal sensa- 
tions reported from the dorsum of the hand; neither is there any such relation- 
ship for the palmar aspect of the hand (Lele, 1954). In other words, there is 
overwhelming evidence in support of the view that thermal receptors do not 
function like thermometers. (3) Furthermore, those who have accepted the 
‘spatial intracutaneous gradient’ theory have never been able to explain how 
it is that a superficially situated encapsulated nerve terminal of the type 
postulated normally only discharges when the thermal gradient is altering in 
one particular direction; for instance, how is it that Krause’s end bulbs 
normally only give rise to propagated disturbances when the surface tempera- 
ture of the skin is lowered but never when it is raised, even though the altera- 
tion in the slope of the gradient may be of the same magnitude in either case. 
(4) Bazett (1941) was not able, on the basis of his theory, to explain how sensa- 
tions of warmth are continuously reported for 14 hr if the skin surface is main- 
tained at a temperature above that of the blood, for under such conditions he 
says ‘a steady state must certainly be acquired long before this time’. 

Our own observations, together with those reported in the literature, make 
it clear that sensations under headings in the cold category are reported from 
a state of ‘thermal neutrality’ when the surface temperature of the skin falls 
relative to the interior, and sensations under headings in the warmth category 
are reported when the surface temperature rises relative to the interior. These 
sensations gradually recede until, after a period of time which is dependent 
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upon the height of the original rise or fall in temperature, a state of ‘thermal 
neutrality’ is again reported in the face of an objectively unchanging surface 
temperature which ranges from 20 to 35° C. Thus cold is reported when the 
surface of the skin is sufficiently cold relative to the deeper tissues and warm 
is reported when the surface of the skin is sufficiently warm relatively to the 
deeper tissues. 

There is, therefore, good reason to suppose that the ‘thermopile’ analogy 
holds true for both the warmth and cold categories, and that the same 
mechanism obtains in each case. This statement, however, does not solve the 
problem of how it is that the sensation of warmth may be reported when the 
surface temperature rises relatively to the interior and cold when it falls. This 
question, it seems to us, can be answered by reference to recent neurohisto- 
logical observations (Weddell, Pallie & Palmer, 1954; Weddell, Palmer & Pallie, 
1955). Ensheathed stem nerve fibres giving rise to widespread arborizations of 
naked axoplasmic filaments are found at all levels in both glabrous and hairy 
skin from the stratum granulosum of the epidermis to the junction of the 
dermis and subcutaneous tissues, These unencapsulated nerve endings cannot 
be distinguished from one another on morphological grounds; they can only be 
distinguished under the microscope by the fact that they are situated in 
a different stratum of the skin and thus lie among different tissue elements. In 
hairy skin the only other nerve endings present are those ending in the tissues 
of hair follicles. In glabrous skin encapsulated nerve endings of a wide range 
of size and configuration take the place of those ending in the tissues of hair 
follicles. If it can be assumed that unencapsulated nerve endings give rise to 
propagated disturbances when their axoplasmic filaments are at a different 
temperature from the ensheathed axon from which they spring, then each and 
every terminal may well fire, not in response to a cold or warmth stimulus per 
se but to a difference in temperature in either direction between stem axon and 
terminal. This notion is not unlikely in view of the work of Bernhard & Granit 
(1946) and von Euler (1947) who have even shown that, when one part of 
a nerve trunk, such as the sciatic nerve, is warmed or cooled relatively to an 
adjacent part of the nerve, propagated disturbances are evoked. 

Moreover, a possible mechanism based on the ionic hypothesis to account 
for the discharge of unencapsulated nerve endings under non-isothermal con- 
ditions has recently been suggested (Tyrrell, Taylor & Williams, 1954). 

If the skin were normally isothermal throughout, and all ensheathed axons 
giving rise to the unencapsulated nerve endings derived from the cutaneous 
nerve plexus terminated at the same level in the skin, it could be supposed 
that similar rates of heat transfer in either direction would evoke action 
potentials of equivalent configuration and pattern. However, this is not the 
case, for in man the cutaneous blood vascular system in the dermis is situated 
between the cutaneous nerve plexus and the surface of the skin and the 
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ensheathed stem fibres giving rise to unencapsulated nerve endings do not all 
lie in the epidermis; they lie at all levels from the cellular layers of the epidermis 
to the junction of the dermis and subcutaneous tissues. In other words, some 
unencapsulated endings are distributed between the cutaneous nerve plexus 
and the blood vascular system, whilst others are distributed within the epi- 
dermis. Hence, the particular endings which discharge in response to a given 
rate of heat transfer to the surface of the skin will be significantly different 
from those which discharge when an equivalent rate of heat is transferred from 
the skin. The spatio-temporal pattern of impulses reaching the central nervous 
system from the same area will thus normally be different in the two cases. 
For this reason, it seems to us no longer necessary to postulate the existence of 
two specific types of nerve ending, one giving rise to propagated disturbances 
only when receiving heat and the other only when losing heat; the former only 
capable of giving rise to reports of warmth and the latter to reports of cold 
when stimulated. It seems to us in view of the evidence now at our disposal 
more logical to consider that all the sensory qualities reported as the result of 
warming or cooling the skin from innominate through warmth to pain, or 
through cold to pain, are the result of the activity of different groups of 
unencapsulated nerve endings giving rise to action potentials which reach the 
central nervous system in different tempero-spatial patterns. On this basis 
certain receptors will normally evoke patterns of nervous activity interpreted 
as sensations under headings in the warm category, others under headings in 
the cold category. The patterns evoked will not be due to the fact that certain 
receptors have specific properties not possessed by others but due to the fact 
that numerous non-specific receptors are disposed in different strata of the skin 
which are not at the same temperature. To illustrate this it is simplest to 
consider two extreme cases. 

For example, stem fibres which terminate just beneath the basal layer of the 
epidermis give rise to an arborization of naked axoplasmic filaments which 
pass towards the skin surface, ending among the cells of the stratum granulo- 
sum. Under normal conditions the deeper parts of such terminals are likely to 
be warmer than the more superficial parts, for they are closer to the blood 
vessels and action potentials will be evoked as the result of this temperature 
difference. If this temperature difference is increased, as when the surface of 
the skin is cooled, the frequency of the discharge will increase; if the surface is 
warmed it will decrease until isothermal conditions are reached when it will 
cease to discharge. 

By contrast, stem fibres which terminate in the dermis give rise to arboriza- 
tions of naked axoplasmic filaments which pass towards cutaneous blood 
vessels and terminate in their immediate neighbourhood. Under normal con- 
ditions, the parts of such terminals closest to the blood will be warmer than 
the parts adjacent to the cutaneous nerve plexus from which the stem fibres 
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arise. Action potentials will be evoked as a consequence of this difference in 
temperature. If the surface of the skin is warmed the filaments in the neigh- 
bourhood of the blood vessels will become relatively warmer than those situated 
more deeply and the frequency of the discharge will increase. If the surface 
temperature of the skin is lowered the discharge will decrease. The marked 
difference in the latency of the response of ‘cold’ (short latency) and ‘warm’ 
(long latency) receptors (Dodt & Zotterman, 1952), and the observation of 
Lele (1954) that unencapsulated nerve endings activated by warmth are less 
accessible due to the fact that they are situated further from the skin surface 
than those activated by cold are both compatible with such an assumption. 

Explanations of numerous phenomena which have never been satisfactorily 
resolved are within the reach of this theory. Thus Ebbecke’s findings (1917) 
are readily explained. It will be remembered that he cooled the skin of the 
forearm by immersion in water until ‘thermal neutrality’ was achieved; when 
the forearm was removed from the water, cool sensations were reported after 
a short latent period even though the surface temperature was objectively 
rising. In this case, the deeper regions of the skin are raised in temperature by 
the returning blood (the phenomenon does not take place if a tourniquet is 
applied) relative to the exterior, i.e. the surface terminals are made cooler 
relatively to the deeper regions, hence the spatial and temporal pattern of the 
action potentials reaching the central nervous system is similar to that evoked 
when the surface of warmed skin had been cooled. 

Bazett’s unexplained observation (1949) that a sensation of warmth was 
continuously experienced for a period of up to 1 hr when no alteration in the 
slope of the thermal gradient within the skin could be taking place is explicable 
on the basis that the surface of the skin remained at a higher temperature than 
the depths and hence the nerve terminals affected gave rise to a continuous 
temporo-spatial pattern of discharge of action potentials which evoked the 
report of a continuous sensation of warmth. 

It is gratifying to find that the electrophysiological findings of Zotterman 
and his co-workers can be explained more satisfactorily on the basis of the 
hypothesis which we have proposed as the result of our anatomical and physio- 
logical observations than on any other theory yet propounded. Zotterman 
(1953), while recording action potentials from single nerve fibres, dissected 
from the lingual nerve of the cat, found that, when thermal stimuli were applied 
to the surface of the tongue, there were two categories of fibres from a func- 
tional standpoint, the spontaneous activity of one being accelerated by cold 
and inhibited by warmth and the spontaneous activity of the other being 
accelerated by warmth and inhibited by cold. He called the former ‘cold’ 
fibres and the latter ‘warmth’ fibres. The warm receptors gave rise to some 
propagated disturbances at constant temperatures between 20 and 47° C, the 
maximum frequency, however, generally being evoked bet ween 38 and 43°C 


230 P. P. LELE, G. WEDDELL AND C. M. WILLIAMS 


and the cold receptors gave rise tosome propagated disturbances at constant 
temperatures from about 10 to 41° C with a maximum frequency, however, 
between 25 and 35°C. On the basis of the ‘thermopile’ theory, if there is 
a difference in temperature between any terminal and its stem axon, propa- 
gated impulses will result, the frequency of which will be directly proportional 
(within limits) to the magnitude of the difference in temperature. Obviously, 
on the basis of our hypothesis, extremes of temperature will cause.a simul- 
taneous discharge of action potentials from terminals lying at different depths 
in the skin. Zotterman (1953) has stated that ‘warm’ fibres discharge ‘para- 
doxically’ in response to a fall in temperature of ‘more than 8-15° C’ and that 
‘cold’ receptors discharge ‘paradoxically’ in response to constant tempera- 
tures of 45-50° C. Incidentally, on the basis of the ‘thermopile theory, these 
discharges can no longer be regarded as ‘ paradoxical’ if the word is used in its 
accepted sense. 

The observations of Zander & Weddell (1951) must now be considered, for 
they are relevant to suggestions as to the function of unencapsulated nerve 
endings. They have demonstrated that the cornea is supplied by numerous 
nerve fibres which only terminate in unencapsulated nerve endings; these are 
morphologically identical with those in the skin (Weddell, Palmer & Pallie, 
1955). The cornea, however, can be so stimulated that sensations of touch as 
well as pain can be evoked, and they conclude ‘the form in which sensory 
nerves terminate peripherally cannot necessarily be used as an argument in 
favour of the type of the sensation which will be recorded when they are 
stimulated’. Now, we have observed that low rates of heat transfer give rise 
to reports of sensations, some of which cannot be placed under a heading 
related to a thermal category. By contrast, high rates of heat transfer evoke 
sensations of pain which are not intolerable and do not cause obvious tissue 
damage and which, likewise, cannot be placed under a heading related to 
a thermal category. At this point, it is necessary to refer to the work of Lele 
(1954) who has shown that contact thermal stimuli can only be categorized as 
‘warm’ or ‘cold’ under certain specific conditions. For instance, no reports of 
sensations which can be included under headings referable to thermal categories 
occur unless the stimulus is applied for a certain minimal length of time. 
Further, he has established that the threshold for warmth increases as the area 
of the skin stimulated diminishes until, for example, between 0-8 and 0-78 mm? 
no threshold can be obtained. However, the threshold for cold does not show 
a comparable rise as the area of skin stimulated decreases, for he has also 
shown that in the case of skin in which the cornified layer is of minimal thick- 
ness (mucous membrane of the lip), however small the stimulus (i.e. 0-102 mm/?), 
the subject can recognize the object as ‘cool’ if it is capable of withdrawing heat 
from the skin. However, no thermal sensations were reported as the result of 
direct stimulation between hairs over the back of the hand and forehead with 
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fine quartz needles (25-58) which penetrated from 0-5 to 3 mm, although 
other sensory ‘modalities’ (touch, tickle, itch, prick and sting) were aroused 
with ease. By contrast, Woollard, Weddell & Harpman (1940) were able to 
} arouse occasional reports of both warmth and cold in addition to other sensa- 
tions by direct stimulation of similar areas of skin with fine steel needles, and 
it is noteworthy that reports of warmth were only evoked when the needle 
was inserted to a depth of 3 mm from the skin surface whereas reports of cold 
were evoked at depths of 2 mm and less from the surface. 

The findings of Bishop (1943) are also of interest in this connexion. When 
> stimulating spots on the skin lying between hairs of the back of the arm with 
high voltage, low current electric sparks delivered singly or repetitively at 
gradually increasing intensity and/or frequency, he states ‘the same sensory 
spot can give either: “touch”, “prick”, “itch”, or “sharp pain”, all below 
threshold for ordinary touch endings’. Stimulation of the hairs themselves 

gave rise to reports similar to those accompanying a movement of the hair 

; shaft. Bishop’s statement in relation to thermal responses is ambiguous. 
‘Occasional spots sensitive to cold have been encountered which also responded 
to electrical stimulation but none for warmth; these two were not specifically 
explored for.’ We have interpreted this to mean that no warmth responses and 
no significant number of cold responses were elicited when hairy skin was 
stimulated in the manner described. 

These observations, taken together with those of Zander & Weddell (1951) 
and Lele (1954), suggest that the unencapsulated nerve endings in the skin, 
when suitably stimulated, can give rise to a wide range of sensory experience 
which includes reports of ‘cold’, ‘touch’, ‘warm’, ‘prick’, ‘itch’, and ‘sharp 
pain’. In general, it seems reasonable to conclude that touch, prick, itch and 
| sharp pain, in this sequential order, are reported when a small number of nerve 

fibres situated in any stratum of the skin discharge in bursts at high and 
sequentially increasing frequencies. Cold is only reported when nerve fibres 
: subserving endings situated relatively superficially are discharged repetitively 
) and those situated more deeply are inhibited; warmth only when nerve fibres 
subserving endings situated relatively deeply in the skin discharge repetitively 
: and those lying more superficially are inhibited. 
3 We are, therefore, now of the opinion that on the evidence available the 
: unencapsulated nerve endings do not conform to the notion that these recep- 
tors in the skin merely lower the threshold of the excitability of nerve fibres 
for one kind of stimulus, but rather that they are better considered to be 
universal receptors which give rise to bursts of action potentials, the pattern of 
which is related to the way in which the stimulus affects the skin. 
P) In conclusion, we submit that the observations reported in this paper, 
together with those appearing in the literature, indicate that the ‘law’ of 
specific irritability of nerve fibres and the thesis that there are specific nerve 
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terminals which subserve specific cutaneous sensory modalities is unsupported 
and, moreover, can be superseded by a hypothesis which explains the observed 
facts more adequately. 

SUMMARY 

1. Heat exchange at the surface of the skin caused by an external source 
produces a rise or fall in the temperature of the skin which is dependent 
both upon the magnitude of the heat exchange and the operation of mechanisms 
in the skin which modify its rise or fall in temperature. 

2. When the surface temperature was raised by irradiation, subjects reported 
a range of sensations which were broadly divisible into seven categories: 
(1) innominate, (2) faint warm, (3) warm, (4) very warm, (5) stinging, burning, 
or hot, (6) pain and (7) intolerable pain. 

3. Reports of (1) innominate, (2) faint cool, and (3) cool or cold were made 
when the skin was radiating toa black body. — 

4. When the hand was immersed in water the surface temperature of the 
skin rose or fell by an amount which was proportional to the difference between 
the initial surface temperature of the skin and the temperature of the water. 

5. The particular sensory experience reported was related to a particular 
magnitude of rise or fall in temperature of the surface of a given area of skin 
and not to the absolute temperature of the skin. 

6. Our observations on spatial summation support the thesis that both the 
sensation reported and the reaction time to the stimulus depend upon the total 
impulse frequency of the pattern of nerve impulses discharged by the stimulus, 
the sensation reported being directly proportional to, and the reaction time 
inversely proportional to, the total impulse frequency. 

7. The ‘spatial intracutaneous gradient’ theory which is based upon the 
assumed presence of specific encapsulated thermal receptors has been shown 
to be untenable on anatomical and physiological grounds. 

8. ‘Thermal neutrality’ can be achieved at absolute surface skin tempera- 
tures ranging from 20 to 35°C. The sensations reported when the surface 
temperature rises or falls are directly related to the magnitude of that rise or 
fall and the sequential order of sensations is reversed when the temperature 
ceases to rise or fall, the time taken to reach ‘thermal neutrality’ being depen- 
dent upon the magnitude of the initial rise or fall in skin temperature. 

9. It has been shown that a state of ‘thermal neutrality’ is not due to 
‘exhaustion’ of central or peripheral nerve components, and it is suggested 
that the thermal sensations reported in the face of an objectively constant 
surface skin temperature are due to a difference in temperature between 
different strata of the skin in which the terminals of the unencapsulated nerve 
endings and their stem axons lie. This, in turn, suggests that the unencapsulated 
nerve endings give rise to propagated disturbances when a difference of tem- 
perature exists between stem axon and terminal and that they are so arranged 
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that the skin behaves as a thermopile type of ‘bolometer’ rather than as 
a ‘thermometer’. 


10. The anatomical arrangement of unencapsulated nerve terminals in skin, 
when considered in the light of this ‘bolometer’ analogy, is such that it is likely 
that a different temporo-spatial pattern of action potentials will be evoked 
from the same area of skin when the temperature is raised or lowered respec- 
tively. Further, the electrophysiological findings of Zotterman (1953) are 
explicable on the basis that unencapsulated nerve terminations are so dis- 
posed that those lying superficially are normally likely to be at a lower tem- 
perature relative to those lying more deeply. 

11. The observations reported in this paper, together with those in the 
literature, suggest that the unencapsulated nerve endings in the skin which 
subserve warmth and cold sensibility can, if stimulated in the appropriate way, 
give rise to other sensations not associated with the thermal mode, such as 
touch, prick, itch and sharp pain. 

12. Our observations lead to the conclusion that the ‘law’ of specific 
irritability of nerve fibres and the thesis that specific nerve terminals subserve 
specific sensory modalities in skin are no longer tenable, and moreover can be 
superseded by a hypothesis which explains the observed facts more adequately. 


Our thanks are due to the volunteers who took part in this investigation, which was made 
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Each mammalian species on a given diet deposits in its adipose tissue a mixture 
of triglycerides which is fairly constant in its composition and characteristic 
of the species. In several kinds of mammals the fat in the superficial layers of 
adipose tissue has been found to have a higher iodine value and hence a lower 
melting-point than fat in depots more deeply situated in the body. On the 
basis of these observations it is widely accepted that the composition of the 
fat in different regions of the body is, to some extent, determined by tempera- 
ture, and is so regulated that the fat remains fluid at the temperature which 
prevails in each part (Hilditch, 1941; Bloor, 1943). In large homeothermic 
mammals such as sheep, cattle and swine, which store fat relatively rich in 
saturated fatty acids, the fat remains fluid within the narrow range of their 
normal body temperature, but there appears to be only a slender margin of 
safety for the fat rapidly solidifies as its temperature falls after death. 

The present investigation is primarily concerned with the relation between 
environmental temperature and fat composition in hibernating\ mammals 
which can tolerate a fall in body temperature of 30°C or more without ill 
effects (Lyman, 1948). The adipose tissue of hibernating animals has been 
studied very little, but inasmuch as the respiratory quotient of animals during 
hibernation is 0-7 (Benedict & Lee, 1938; Kayser, 1940) it is generally accepted 
that fat is the prime source of fuel throughout the dormant period. It is 
reasonable therefore to expect that the fat remains fluid even though the body 
temperature is maintained at a level only a few degrees above 0° C. For this 
to be possible, hibernating mammals must either possess highly unsaturated 
depot fat at all seasons of the year or they must have the capacity, when 
exposed to cold, to change the saturation of their depot fat in preparation for 


* John and Mary Markle Scholar in Medical Science. 


‘ 
f 
is 


236 D. W. FAWCETT AND C. P. LYMAN 


hibernation. To cast some further light upon this problem we have studied the 
effect of low environmental temperature upon the iodine value and solidifica- 
tion point of body fat in the hamster and in the ground-squirrel, species which 
hibernate in the wild, and also in the common — rat which is incapable 
of hibernation. 


METHODS 
Forty-three golden hamsters (Mesocricetus auratus), thirty-five rate (Rattus norvegicus) of the 
Hisaw strain, and six wild caught ground-squirrels (Citellus tridecemlineatus) were used in the 
experiments. The animals in all cases were young adults and the distribution of sexes was approxi- 
mately equal. 

The hamsters were divided into three experimental groups receiving different diets. One group 
was fed a stock diet of Purina chow, the second was given ground chow enriched by the addition 
of 20% by weight of peanut oil (iodine value 93), and the third group received ground chow con- 
taining 20% of ‘Newol’ an edible fraction of beef tallow (iodine value 45), made by the Atlantic 
Packing Co. of Somerville, Mass., U.S.A. Within each dietary category half of the hamsters were 
kept at normal animal-room temperature (20—-25° C) and half were kept in a cold room at 5+ 2° C. 
In the warm room, hamsters of the same sex were kept together in large cages. Those in the cold 
room were housed in individual cages with wood-shavings as bedding material. 

The rats were divided into only two dietary categories, one receiving Purina chow and the other 

getting the chow supplemented with 20% ‘Newol’. Within each category half of the animals were 
maintained in the warm and half in the cold, the caging conditions being exactly the same as has 
already been described for the hamsters. 
_ Animals were killed after periods of 6-12 weeks on the experimental diets, and the iodine value 
of the From Shown ton the jodine value of the from agimels on 
the same diet in the cold. Subcutaneous adipose tissue was excised from both groins, retroperitoneal 
fat from the region of the kidneys and intra. abdominal fat from the mesometrium of females and 
the testicular fat pads of males. To obtain the lipids as nearly unchanged as possible, methods of 
extraction involving alkaline hydrolysis, heating or use of solvents were avoided and instead the 
excised adipose tissue was simply ground in a mortar with clean quartz sand and the contents of 
the mortar were centrifuged. A clear layer of lipid was then pipetted off leaving behind the 
sedimented sand and cellular debris. After drying with anhydrous calcium sulphate this lipid 
was used for determination of the iodine value by the Wijs method. All of the titrations were done 
in triplicate and the results averaged if they showed satisfactory agreement. 

Owing to the difficulty of determining with accuracy the melting-point of mixtures of neutral 
fats we have followed the common practice of relying upon the iodine value of fats as a con- 
venient measure of their content of unsaturated fatty acids, and hence indirectly an indication 
of their melting-point. In addition, however, the melting-points of representative samples were 
obtained to establish beyond doubt the relationship of melting-point and saturation of the fats in 
question. It was realized that melting-point and solidification point may differ by several degrees 
(Bloor, 1943) and that the important issue for the animal exposed to cold is the temperature at 
which its fat begins to solidify. Therefore a group of fat samples covering the range of iodine values 
involved were tested for the ‘solidification range’. 

For determination of the melting and solidification range, a small amount of each fat sample was 
drawn into two capillary tubes of an outside diameter of 1-5-2-0 mm and the ends of the tubes 
sealed by flame. The samples were then stored at - 20° C until they could be tested. Naturally 
occurring animal fats are mixtures of triglycerides, and sharp melting-points and solidification 
points for lipids of this sort are notoriously difficult to obtain. After several conventional methods 
failed, the following procedure was found to yield reproducible results, The capillary tubes were 
heated in water at 50°C, then quickly plunged into ethanol at - 20°C. The tubes were left at — 20°C 
for 20-24 hr. At the end of this time a capillary tube to be tested was suspended in a small flask of 
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alcohol at — 20° C, A calibrated mercury thermometer with a black scale was fastened 2 mm away 
from the capillary tube and parallel with it. The flask was then warmed slowly while being con- 


| stantly agitated. The flask, with the tube and thermometer inside, was illuminated by a constant 


bright light source and held against a white background. The fat in the tube was white and opaque 
in the solid state but became translucent as it started to melt. When the lines on the black 
thermometer scale could be seen through the fat in the capillary tube, the fat was considered to 
have reached the melting-point, although the fluid fat was still opalescent rather than entirely 
clear. Tests were made on each sample in duplicate or until results were consistent within 2° C. 
These results were then averaged. The melting-point thus obtained probably corresponds to the 
alpha melting-point of the three melting-points described for pure triglycerides (Ralston, 1948). 

To obtain the solidification range of the samples of hamster fat, one tip of each capillary tube 
was broken, and a clean horse hair, inserted into the open end of the tube, was run down into the 
fat sample. The capillary tubes were then placed, sealed end down, in a holder which was fastened 
across the mouth of a cylindrical Dewar flask filled with 95 % ethanol. The tubes were adjusted so 
that the segment containing the entire fat sample was at least 0-5 cm beneath the surface of the 
alcohol, care being taken to prevent alcohol from entering the open end of the tube. The tubes 
were situated side by side in the holder which was tilted so that they made an angle of 45° with 
the surface of the alcohol in the bath. A strip of tinned metal extending downward from the 
holder provided a shiny background for the capillary tubes. A bright light was shone on the tubes 
and a dissecting microscope of 9 x magnification was focused on the fat samples. For comparison, 
a capillary tube filled with a clear, low melting-point oil was fastened beside the fat samples to 
be tested. A thermometer fastened close to the capillary tubes showed the temperature of the bath 
and hence of the tubes. 

While the solidification range was being measured, the alcohol bath was constantly agitated 
with a mechanical stirrer and cooled at approximately 1° C/min with solid CO,. As the cooling 
fat sample in the capillary tubes was observed with the microscope, a point was reached when the 
clear, liquid fat became slightly cloudy owing to the formation of many minute crystals. The 
temperature at which this change was noted was recorded as the ‘ point of first crystals’. As the 
temperature dropped further, the fat became in turn opalescent, then translucent and finally 
opaque and solid. The consistency of the sample was tested at frequent intervals by moving the 
horse hair up and down in the capillary tube. When, at length, the fat became so solid that with- 
drawal of the horse hair left a small hole which was not closed by the inflow of semi-solid fat, the 
temperature was noted as the ‘solidification point’. The temperature range between the point of 
first crystals and the solidification point is referred to hereafter as the ‘solidification range’. All 
tests were made in duplicate, and if the two samples did not agree within 2° C, the determinations 
were repeated until two successive results were in close agreement and the average of these results 
was used. 


RESULTS 


Observations on hamsters. The iodine value of depot fat from six hamsters fed 
a stock diet of Purina laboratory chow in the warm room averaged 83-7. The 
fat of eleven animals receiving the same diet in the cold room had an average 
iodine value of 87-3 (Table 1). This difference between the average iodine value 
of animals in the warm and those in the cold is statistically highly significant 
(P = <0-01), and would seem to be strong evidence of an effect of cold upon 
the composition of depot fats in the hamster. The fact that the iodine value 
increased in the cold suggested the possibility that a change in composition of 
depot fat resulting in a lower melting-point may be a necessary preparation 
for hibernation in this species and this may help to explain the considerable 
delay from first exposure to cold to onset of hibernation. 
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To test this hypothesis further, two additional experimental groups of 
hamsters were studied. In one, an effort was made to increase the unsaturation 
of body fat by dietary means in the belief that hibernation would thereby be 
hastened. In the other group, the body fat was made more saturated with the 
expectation that hibernation might be delayed or prevented. 


Tasxe 1. Iodine values of depot fat of hamsters in relation to diet 


and environmental temperature 
Purina chow Purina chow 
Purina chow 20% ut oil* 20% *‘Newol’t 
23° 5°C 23° C 5°C 23° C 
80-4 83-6 86-2 95-1 76-6 79-0 
83-4 86-8 87-1 95-4 718 79-1 
85-5 86-8 88-0 91-2 70-1 79-1 
84-3 89-1 87-9 89-2 70-0 78-2 
84-6 87-9 86-6 89-8 67-5 75-7 
84-2 85-8 88-7 726 75-8 
72-0 770 
&5 2 71-2 
89-6 
89-7 
87-7 
83-7 87-3 87-4 92-1 71-5 77-7 
* Iodine value, 92. 
Iodine value, 42. 
Hamsters hibernating at the time they were killed. 


Hamsters kept in the warm and fed on a diet of ground laboratory chow 
enriched with 20% peanut oil deposited fat having an average iodine value 
of 87-4, while those on the same diet in the cold had an iodine value of 92-1 
(Table 1). Contrary to expectation, these animals did not hibernate earlier 
than those kept under similar environmental conditions but fed the stock diet. 

Hamsters offered a diet containing 20% ‘Newol’ stored fat having an 
iodine value averaging 71-5 in the group kept at normal room temperature and 
77-7 in those living in the cold room. On this diet the change in saturation 
brought about by the cold was of the same order as that observed in animals 
on the diet containing more unsaturated fat (Table 1). This degree of change 
was not sufficient to bring the iodine value up to the level which is normal for 
hibernating hamsters. Nevertheless these animals hibernated after the usual 
span of exposure to the cold and remained in the hibernating phase for the 
normal period. 

Melting and solidification points. Fig. 1 shows that, as was to be expected, 
the increase of iodine number of the fat samples parallels the lowering of the 
melting-point in an approximately linear fashion. Fig. 2, however, probably 
gives a more accurate picture of the actual condition of the fat in the hamsters 
as their body temperature decreases, and it is again apparent that the solidi- 
fication range of the fat and the iodine number are closely related. According 
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Fig. 2. Relationship of ‘solidification range’ to iodine number for the fat of the hamster. 
Dotted line at 5° C indicates the body temperature of deep hibernation. 
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to this graph, at the body temperature of deep hibernation (5° C, dotted 
horizontal line in Fig. 2) the hamsters would have some solid fat in their cells 
if the iodine number was under 75. This low iodine value was not reached in 
the animals exposed to cold on the diets given. 

Observations on rats. Exposure to cold had no effect on the saturation of fat 
in rats on either the standard diet or on a diet supplemented with saturated 
fat (Table 2). Rats showed a greater individual variation in iodine number, 
but the animals on the stock diet in the warm room averaged 88-6, while those 


TaBLE 2. Iodine values of depot fat of rats in relation to diet 


and environmental temperature 
Purina chow with 
Purina chow 20% Newol* 
23° C 5° C 23° C 
90-9 94-0 74-0 70-1 
89-4 91-0 73-3 72-0 
93-4 89-3 70-7 68-2 
90-5 88-6 71-9 75-3 
84-0 91-7 69-8 70-5 
86-9 81-7 71-9 70-7 
91-5 85-1 68-6 72-4 
85-6 84-4 72-7 73-2 
88-3 66-3 
86-1 
88-6 88-2 71-6 71-0 


* Todine value, 42. 


in the cold averaged 88-2. Iodine value for rats fed a diet containing saturated 
fat in the warm room averaged 71-6 while an average value of 71-0 was 
_ obtained for those in the cold. As in hamsters, the melting-points and the 

iodine numbers showed a linear relationship (Fig. 1). The effect of cold on the 
saturation of fat in both rats and hamsters is presented graphically in Fig. 3. 
The higher iodine value of the hamsters exposed to cold is statistically highly 
significant (P = <0-01) in each dietary category. On the other hand, there is 
obviously no statistical difference in saturation of fat in rats in the cold com- 
pared with those in the warm. 

Observations on ground-squirrels. The normal level of unsaturation of the fat 
of ground-squirrels is somewhat higher than that of either hamsters or rats on 
the same diet. Fat of ground-squirrels maintained on Purina laboratory chow 
in the warm had an average iodine value of 93-5. No effect of cold on the 
iodine value could be demonstrated because they entered hibernation so 
quickly that there was insufficient time for replacement of an appreciable pro- 
portion of their depot fat with fat synthesized in the cold environment. 

The diet containing 20°, of ‘Newol’ which lowered the average iodine value 
of depot fat by 12 units in the hamster and 17 units in the rat caused no 
significant change in the saturation of the body fat in ground-squirrels. Thus 
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the composition of the fat, in this species, appears to be less affected by the 
character of the lipid in the diet than it is in the rat and hamster. 


Rats 
ad 92-1 
90 
87:3 87-4 
83-7 
: 
70 
60 


Newel Lab. Chow 
20%, 20% 20% 


Fig. 3. The effect of cold and diet on the saturation of fat in hamster and rat. 


DISCUSSION 


A close parallelism has been clearly demonstrated between environmental 
temperature and the degree of saturation of fats in seed plants (Pigulevski, 
1915; Iwanow, 1929; Hilditch, 1951; Pearson & Raper, 1927; Terroine, 
Hatterer & Roehrig, 1930). The evidence for a similar relationship between 
temperature and fat composition in homeothermic animals is much less com- 
pelling. It consists of a number of separate observations on pigs, cattle, sheep, 
reindeer and humans wherein fat from peripheral deposits of adipose tissue 
was found to be somewhat more unsaturated than fat from deeper depots—a 
circumstance which suggested to several investigators that the differing com- 
position of the fats in these regions is dependent upon the gradient of tempera- 
ture from the surface toward the interior of the body (Henriques & Hansen, 
1901; Dean & Hilditch, 1933; Schmidt-Nielsen, 19465; Irving, 1951). In the 
light of what is already known concerning the effect of temperature on the 
composition of fat in seed plants and cold-blooded animals, this is a very 
attractive hypothesis, but there are good reasons for caution in applying it to 


homeothermic animals. 
16-2 
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In the first place, in warm-blooded animals the difference in temperature 
between the subcutaneous and perinephric regions is very small to account for 
differences of 30-40 units in iodine value of fat from these sites as reported for 
cattle and sheep (André, 1925). Secondly, it is reasonable to believe that slight 
variations in temperature occur in different parts of the body in all homeo- 
thermic animals, yet several species show remarkable uniformity in the iodine 
value of fat from various depots. These include animals of such diverse size, 
habitat and diet as the dog (Lummert, 1898), rabbit and duck (Schirmer, 1921), 
rat (Reed, Anderson & Mendel, 1932) and deer (Treadwell & Eckstein, 1939). 
In at least two species, the porpoise and the bear, the gradient of iodine number 
is reported to be opposite in direction, with higher values occurring in the 
interior of the body than near the surface (André, 1925; Lovern, 1934; Raikow, 
1904). Thus it appears likely that factors other than local temperature must be 
sought to account for the regional variations in saturation of depot fats. 

Furthermore, it is difficult to explain how a greater degree of unsaturation 
of the superficial fat could depend upon the local temperature when it is likely 
that only a small fraction of this fat is synthesized in the adipose tissue. Fatty 
acids not absorbed directly from the diet are believed to be formed from carbo- 
hydrate in the liver and then transported to the depots for storage. Ifa direct 
effect of temperature on fat synthesis is postulated in homeothermic animals 
one would expect the temperature of the liver largely to determine the 
saturation of fats wherever stored. . 

Although the significance of regional variations in composition of body fat 
is debatable, a change in the saturation of the fat in animals moved from a warm 
to a cold environment would seem to constitute strong evidence for an effect 
of temperature upon the character of the depot fat. The first observations of 
this kind were reported by Henriques & Hansen (1901) in an experiment in- 
volving three pigs, one of which was kept in a warm environment (30—35° C), 
one in the cold (0° C) and one in the cold but wearing a sheepskin. The iodine 
value of the outer layer of back fat from the pig in the warm was 69-4 com- 
pared to 73-3 for the pig in the cold. In the animal partially covered by a 
sheepskin the iodine number of the fat under the sheepskin was 67-0, while a 
sample from an uncovered area was 69-4. The number of animals involved in 
this experiment was very small and the difference in the iodine values obtained 
may have been no greater than the individual variation among pigs kept at the 
same temperature. Even though the results of this experiment of fifty years 
ago have little statistical validity and remain to this day unconfirmed they are 
frequently cited as proof of an influence of environmental temperature upon 
the composition of body fat. Tischer & Seidl (1941) studied the fat composition 
in five raccoons (Procyon), killed at intervals during winter dormancy, and re- 
ported that there was a rise in iodine number as the environmental temperature 
fell during the first 4 weeks of observation. Thereafter, the iodine number fell, 
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although the environmental temperature remained low. These observations 
are not particularly helpful since nothing is known of the individual variability 
in iodine number among raccoons and no measurements of body temperature 
were made, Raccoons, although inactive in the winter, are not deep hibernators 
for they are believed to maintain a nearly normal body temperature during 
their period of dormancy. | 

: In the present study an effect of cold environment on the degree of saturation 
of the depot fat of hamsters has been established with a much greater expecta- 
tion of validity by reason of being based upon analyses of fat from forty-three 
; animals. It is of interest that the elevation of iodine number produced by 
exposure to cold was about the same regardless of the previous level of satura- 
tion determined by diet. No explanation can be offered at present as to the 
, mechanism whereby lower environmental temperature promotes formation of 
unsaturated fats, but the effect of temperature is probably indirect. The inter- 
mediate steps in the biosynthesis of unsaturated fatty acids are imperfectly 
understood, but evidence at present available suggests that saturated fatty 
acids are formed first and these are then converted to the corresponding un- 
saturated acids by tissue dehydrogenases (Artom, 1953). Animals such as the 
pig which normally store fat rich in saturated acids appear to have little 
capacity for dehydrogenation of fats which they synthesize and they modify 
very little the character of fat they ingest. Thus in a pig fed a diet containing 
50°% of crude antarctic whale oil the glycerides of the oil are assimilated and 
t deposited in the depots without chemical alteration and the composition of the 
resulting abnormal pig fat can be fully explained on the basis of unaltered 
: whale oil being deposited in a purely additive manner together with a certain 
f proportion of typical pig fat synthesized from dietary carbohydrate (Garton, 
é Hilditch & Meara, 1952). 

, Compared to the pig, the three species of rodents studied here all store 
e fat which is fairly rich in unsaturated fatty acids, but the data suggest that 
“ they differ considerably in their capacity to modify ingested fat. When rats, 
hamsters and ground-squirrels were placed on a diet rich in saturated fatty 
acids (20% ‘Newol’) the average iodine value of rat fat was lowered about 17 
units (19°), hamster fat 12 (14%) and ground-squirrel fat 1 (1%). If one 
can assume that the species whose iodine number was affected most, modified 
the ingested fat least, then the rat would seem to have little capacity to de- 
saturate fat, the hamster distinctly more and the ground-squirrel most of all. 
It is reasonable to believe that the greater ability of the hamster and the 
ground-squirrel to desaturate their fat may have some significance in relation 
to the phenomenon of hibernation. The rat is incapable of hibernation and 
within the range of normal body temperature its fat (iodine number 88) never 
approaches the solidification point. On the other hand the hamster in 
hibernating must withstand a fall in body temperature of 30° C or more although 
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in @ warm environment its fat has an iodine value of only 83-7. It is tempting 
to speculate that the hamster’s tendency to deposit fat of higher iodine number 
in a cold environment serves to prepare the animal for hibernation by lowering 
the solidification point of its depot fat. The usual period of delay between 
exposure to cold and onset of hibernation would allow sufficient time for such 
a physiological readjustment to take place. The ground-squirrel, which stores 
fat with an iodine value of 93, has ample margin of safety and can hibernate 
very soon after exposure to cold without danger of its depot fat chilling to the 
solidification point. 

The melting-points and solidification ranges reported in this paper can be 
taken only as rough indications of the condition of the fat in the hibernating 
animal. In addition to the notorious difficulty of obtaining accurate measure- 
ments of melting-point on fats, the situation is further complicated by the fact 
that pure triglycerides have at least three melting-points depending in part 
upon the conditions prevailing at the time of solidification (Ralston, 1948). 
Furthermore, solidification of fats apparently varies not only with tempera- 
ture, but with time, so that a fat which is liquid at a given temperature may 
be kept at that temperature and solidify over a period of hours or days(Schmidt- 
Nielsen, 19462). It is granted that in our method of determining solidification 
range some accuracy is probably sacrificed in the interest of simplicity. Even 
if more precise in vitro measurements were practical they still would fail to 
take into account the phenomenon of supercooling and other factors which 
may play a role in maintaining the fluid condition of fat in the living cell. Thus, 
greater accuracy than we have achieved might do little more to clarify the 
problem. 

Notwithstanding these limitations, the results suggest that in hamster fat 
having an iodine number of about 75, the triglycerides of the more saturated 
fatty acids would crystallize at the body temperature of the deeply hibernating 
animal (5° C) (Figs: 1, 2). A few hamsters fed a diet rich in saturated fat in the 
cold environment hibernated within the normal period, but the iodine number 
of the fat in these animals never dropped to the level of 75. It is certainly 
possible that a few crystals did form in the adipose tissue of these animals, but 
there is no reason to believe that this would have serious consequences as long 
as the bulk of the stored lipid remained fluid. It remains to be seen whether 
still lower iodine values can be produced in the hamster by dietary means and 
whether or not these lower levels are compatible with life at the body tempera- 
ture of the hibernating animal. 

The experiment with the hamsters fed a highly unsaturated diet shows that 
the delay in onset of hibernation in hamsters following their exposure to cold 
cannot be explained solely on the basis of the time required to change the 
melting-point of the depot fat to a level which will insure its remaining fluid 
during hibernation. Observations reported in detail elsewhere (Lyman 1954) 
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indicate that preparation for hibernation involves a certain pattern of in- 
stinctive behaviour which includes collecting and storing food. It may be that 
fulfilment of the urge to hoard is as important a precondition of hibernation as 
the physiological response which brings about an alteration in the composition 
of fats. 

Changes in composition of fat of hibernating mammals during winter 
dormancy have been noted (Reach, 1910; Mann, 1936), but as far as we know, 
changes occurring on exposure to cold before onset of hibernation have not 
been reported heretofore. Statements as to the nature of the change in 
hibernation are contradictory. Reach found in bats an iodine number of 71-7 
before hibernation and 88-3-95 after hibernation. On the other hand, Mann, 
also using bats, found an iodine number of 72-1 in the autumn and 50-5 in the 
spring. It has been observed that there is a gradual decline in iodine number 
of fat during germination of oleaginous grains, in the development of the chick 
and in starvation in man (Terroine, Bonnet, Kopp & Véchot, 1927). This 
suggests that unsaturated fatty acids are more easily utilized and therefore 
disappear first. If this is true, then possession of a relatively unsaturated depot 
fat may be advantageous to hibernators because of the greater ease of its utiliza- 
tion as well as its desirable property of remaining fluid at lower temperatures. 

Although the hypothesis that the unsaturation of ingested fats is in some 
way associated with hibernation is attractive, it must be realized that the 
number of species of mammals in which the fat has been studied and reported 
in the literature is still pitifully small and consists for the most part of domestic 
animals. For want of a better subject the albino rat was used in this study as a 
typical non-hibernating rodent. There are indications, however, that domestica- 
tion has some effect on the saturation of fats (André, 1925). Thus Amthor & 
Zink (1897) have demonstrated that wild rabbits, ducks and geese have more 
highly unsaturated fat than domesticated forms of the same species. 
Obviously, studies on other wild species are needed to ascertain whether it is 
a general characteristic of hibernating species either to maintain a high degree 
of unsaturation in their depot fat or to have the capacity to decrease its 
saturation in a cold environment in preparation for hibernation. 


This research was supported in part by the Milton Fund of Harvard University and in part by 
Air Force Contract No. AF 33 (038)-18133. 


SUMMARY 
1. The effect of low environmental temperature on the saturation of body 
fat has been investigated in the hamster, a mammal which hibernates, and in 
the rat, a species incapable of hibernation. 
2. Fat of hamsters maintained on a stock diet at 23° C had an iodine value 
of 83-7 compared with 87-3 for animals on the same diet at 5° C. Hamsters 
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on a diet rich in unsaturated lipid (peanut oil) had an iodine value of 87-4 in 
the warm and 92-1 in the cold. On a diet rich in saturated lipid (‘Newol’) the 
iodine value of the body fat was 71-5 in the warm and 77-7 in the cold. 

3. It is concluded that in the hamster low environmental temperature 
causes a significant decrease in saturation of depot fats, and the amount of 
desaturation which occurs is approximately the same irrespective of the pre- 
existing level of saturation determined by diet. 


4. In the rat, on the other hand, there is no significant change in saturation 
of depot fat in a cold environment. : 


5. The ability of hamsters to change the composition of their fats in response 
to cold is believed to have adaptive significance in relation to hibernation. 
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RELEASE OF 5-HYDROXYTRYPTAMINE (SEROTONIN) 
FROM THE DOG’S GASTRO-INTESTINAL TRACT 


By C. C. TOH* 
From the Department of Physiology, University of Malaya, Singapore 
(Received 2 April 1954) 


5-Hydroxytryptamine (serotonin) and another related indole derivative are 
found in the gastro-intestinal tract (Erspamer & Asero, 1952; Dalgliesh, Toh & 
Work, 1953) and in platelets (Rand & Reid, 1951; Humphrey & Jaques, 1954). 
The distribution of 5-hydroxytryptamine in the tissues of the gastro-intestinal 
tract of the dog has been studied by Feldberg & Toh (1953), and it has been 
suggested that 5-hydroxytryptamine is absorbed by platelets from sites which 
are continually releasing this substance (Humphrey & Toh, 1954). In this 
paper evidence is provided (1) for the spontaneous release of a substance 
similar to 5-hydroxytryptamine from the gastro-intestinal tract, (2) for the 
specific release of such a substance from the perfused stomach. 


METHODS 


Dogs which had fasted overnight were anaesthetized with pentobarbitone (Nembutal). 

Collection of blood. Owing to the fragility of platelets, the following precautions were taken in 
the collection of blood samples. All glass cannulae and centrifuge tubes were treated with silicone. 
Each tube contained 0-2 ml. of a 1% solution of heparin, and 15 mg of ‘ Versene’ (di-sodium salt 
of ethylene diamine tetraacetic acid) in 0-3 ml. of water to give a final concentration of 0-1 % in 
15-16 ml. of blood. In order to separate the plasma the blood samples were centrifuged at 
3000 rev/min for 20 min. 

Arterial blood was collected from a cannulated femoral artery. For the collection of portal 
blood the following operation was performed. The spleen was removed and a branch of the splenic 
vein was cannulated, A loose ligature was placed around the portal vein near its entrance into the 
liver. By pulling on this ligature the portal vein was occluded and portal blood diverted into the 
cannulated splenic vein. 

Plasma contains unknown substances which interfere with assays for 5-hydroxytryptamine on 
the rat’s isolated colon. This difficulty was overcome either by dialysing plasma and using the 
dialysates for the assays or by extracting the plasma with acetone and assaying the acetone 
extracts. 


Dialysis of plasma. 5 ml. of plasma was placed in a cellophane bag and dialysed against 10 ml. 


of a saline solution of the same composition as that used in the assay of serotonin on the rat’s — 


* Part of this work was performed at the National Institute for Medical Research, Mill Hill, 
London, N.W. 7. 
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isolated colon (Dalgliesh e¢ al, 1953). The dialysis was carried out with mechanical shaking for 
1-5 hr. The dialysate was then used for the assays. To estimate the 5-hydroxytryptamine content 
of the plasma sample, the concentration of 5-hydroxytryptamine found in the dialysate was 
multiplied by 3. To test the assumption that diffusion between plasma and dialysing fluid had 
reached an equilibrium within 1-5 hr the following experiment was carried out. Plasma which had 
previously been found to contain less than 0-002 yg 5-hydroxytryptamine/ml. was used. To 9-4 ml. 
of this plasma 0-6 ml. of 5-hydroxytryptamine (1 yg/ml.) was added so that its concentration in 
the plasma was 0-06 ug/ml. 5 ml. of this plasma was dialysed against 10 ml. of the saline solution 
for 1-5 hr. The amount of 5-hydroxytryptamine recovered in the dialysate was 0-02 ug/ml. 
Multiplying this value by 3 gave the original concentration of 5-hydroxytryptamine in the 


Extraction of 5-hydroxytryptamine from blood and plasma. 5 ml. of blood or plasma was pipetted 
into 20 ml. of acetone and stirred with a glass rod for 2 min. The precipitate was centrifuged off 
at 3000 rev/min for 15 min. The supernatant fluid was decanted off and the sediment washed with 
2 ml. of acetone. The washing was added to the extract and the whole evaporated off under 
reduced pressure. The residue was then taken up in 10 ml. of 0-9% NaCl solution and used for 
assay. 

Perfusion of isolated stomach. The spleen was removed, care being taken to preserve the circula- 
tion to the stomach. The small and large intestines were removed and the superior mesenteric 
vein tied off. The hepatic artery was tied off at its entrance into the liver so as to maintain the 
circulation to the pylorus and the region of the body of the stomach adjacent to it. Just before 
perfusion was begun 5000 i.u. of heparin were injected into the saphenous vein in order to mini- 
mize intravascular clotting. The oesophagus and duodenum were tied; the stomach was freed 
from surrounding tissues and perfused through the coeliac artery with Locke’s solution aerated 
with oxygen. It was exsected and placed on a conical funnel; the perfusate issuing from the cut 
portal vein dripped down the funnel and was collected. The rate of flow was controlled by varying 
the height of the reservoir containing the Locke’s solution. The temperature of the perfusing fluid 
was thermostatically controlled at 39—40° C. 

Perfusion of isolated intestine. A loop of jejunum was isolated between ligatures from the duo- 
denum and ileum. It was freed from surrounding tissues and perfused through the superior 
mesenteric artery, the method of perfusion being similar to that employed for the stomach. The 
perfusate issuing from the cut superior mesenteric vein was collected. 

At the end of each experiment indian ink was injected into the perfusion system and the mucosa 
of the stomach or intestine examined. 

Assay. 5-Hydroxytryptamine was assayed on the atropinized rat’s colon (Dalgliesh et al. 1953; 
Humphrey & Toh, 1954), and histamine was assayed on the guinea-pig’s ileum treated with 
atropine and ‘Methergin’ (lysergic butanolamide-2-tartrate). The fact that the activity of samples 
tested on the rat’s atropinized colon could be abolished by ‘Methergin’, which acts like lysergic 
acid diethylamide, would strongly suggest that it was due to 5-hydroxytryptamine or a substance 
similar to it (Gaddum, 1953). 


RESULTS 


5-Hydroxytryptamine content of plasma 
It can be seen from Table 1 that no, or only traces of, 5-hydroxytryptamine 
could be found in normal plasma. The concentration in most samples was less 
than 0-006 g/ml. and in only ten out of eighty-five samples was this concen- 
tration exceeded. In four experiments in which simultaneous comparisons 
were made the 5-hydroxytryptamine contents of arterial and portal plasma 
were identical. There was no difference between the results obtained by dialysis 
and those obtained by extraction of 5-hydroxytryptamine from plasma. 
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TaBxe 1. Serotonin content of plasma dialysates 
No. of samples Serotonin content of plasma 
determined (in pg/ml.) 
<0-006 
0-006 
0-015, 0-021, 0-024 
<0-006 


0-006 
0-009, 0-012, 0-012, 
0-024, 0-024 


Arterial plasma 


Portal plasma 


5-Hydroxytryptamine content of whole blood 

Acetone extracts of whole blood contained more 5-hydroxytryptamine than 
plasma extracts, and this was presumably due to the fact that platelets present 
in whole blood contain large amounts of the substance. Extracts of portal 
blood contained greater amounts of 5-hydroxytryptamine than extracts of 
arterial blood (Table 2), portal blood on the average containing nearly 3 times 
more 5-hydroxytryptamine than arterial blood. The platelet count of arterial 
and portal blood samples collected simultaneously showed good agreement, 
and it seemed probable that the difference observed could not be attributed to 
a larger platelet content of portal blood. 


TaB_s 2. 5-Hydroxytryptamine content of arterial and portal blood 


Arterial blood Portal blood 
5-Hydroxy- _ 5-Hydroxy- 
tryptamine 
count content count content 
Expt. no. per (ug/mal.) per mm* (ug/ml.) 
1 0-05 0-10 
0-07 0-14 
0-06 0-12 
0-06 0-10 
2 333,000 0-044 395,000 0-07 
3 235,000 0-08 235,000 0-12 
225,000 0-04 205,000 0-28 
4 280,000 0-02 265,000 0-08 
255,000 0-06 215,000 0-20 
255,000 0-04 250,000 0-16 
255,000 0-06 270,000 0-17 
Mean 262,000 0-05 262,000 0-14 


Whether the difference between the 5-hydroxytryptamine contents of arterial 
and portal blood could be owing to differences in the proportion of 5-hydroxy- 
tryptamine extractable from arterial and portal blood was tested in two 
recovery experiments. 5-Hydroxytryptamine was added to arterial and portal 
blood to give a concentration of 1 »g/ml. in one experiment, and a concentra- 
tion of 2 g/ml. in the other. In the former experiment the percentage recovery 
was 14% from arterial blood and 16% from portal blood, and in the latter 
the recovery was 17% from arterial blood and 14% from portal blood, the 
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mean percentage recovery from these experiments being 15°. The differences 
in the 5-hydroxytryptamine content of arterial and portal blood could not, 
therefore, be attributed to differences in the amounts extractable from arterial 
and portal blood. 

It appeared likely therefore, that platelets in the portal blood stream con- 
tained a larger amount of 5-hydroxytryptamine and that this was being 
released from the gastro-intest#ffil tract and taken up by the platelets. The 
possibility that release of 5-hydroxytryptamine took place in the gastro- 
intestinal mucosa was then tested by perfusing the stomach and intestine and 
assaying the perfusates. 


TaBLE 3, Output of 5-hydroxytryptamine in perfused stomach (typical record) 
12.10 p.m., perfusion begun; 12.40 p.m., collection of samples begun. 
5-Hydroxy- 5-Hydroxy- 
Sample no. Vol.(ml.) Time (min) 


l 32-5 2 0-006 0-10 
2 33-5 2 0-008 0-13 
3 31-0 2 0-008 0-12 
4 32-0 2 0-008 0-13 
5 30-5 2 0-008 0-12 
6 29-5 2 0-010 0-15 
7 29-0 2 0-010 0-15 
s 29-5 2 0-014 0-21 
9 28-5 2 0-018 0-26 
10 28-0 2 0-024 0-34 
1.40 pm., collection of second batch of samples begun. 
ll 46-0 2 0-020 0-46 
12 43-0 2 0-020 0-43 
13 42-0 2 0-020 0-42 
14 45-0 2 0-014 0-34 
15 42-0 2 0-014 0-29 
16 44-0 2 0-014 0-31 


5-Hydroxytryptamine content of stomach perfusate 

Six perfusion experiments were performed and in all these experiments the 
presence of 5-hydroxytryptamine in the perfusates could be demonstrated. 
The output of 5-hydroxytryptamine at the beginning of perfusion was small 
(0-05 g/min), but gradually increased so that at the end of half an hour it was 
0:3-0-4 »g/min. In one experiment the output was as high as 0-8 »g/min. 
With prolonged perfusion the stomach became oedematous and the output of 
5-hydroxytryptamine gradually declined. A typical record of a perfusion 
experiment is given in Table 3. The activity of the perfusates on the rat’s 
atropinized colon could be abolished by ‘Methergin’. The perfusates were 
assayed for histamine on a guinea-pig’s ileum which was sensitive to 0-005 yg 
of added histamine in a bath of 20 ml., but no histamine could be detected 
in the perfusates. 
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It was found in all experiments that on injecting indian ink into the perfu- 
sion system the mucosae of the cardia and body of the stomach were well 
stained, whereas the pyloric mucosa was only faintly stained or not at all, 
although the muscular wall of the pylorus was well stained. 


5-Hydroxytryptamine content of intestinal perfusate 
Three perfusion experiments were performed but no 5-hydroxytryptamine 
or only traces of it could be found in the perfusates, although perfusion was 
carried out for as long as 1-5 hr. 
The musculature of the small intestine was well stained with indian ink, but 
the mucosa was only faintly stained or not at all. 


DISCUSSION 


The results clearly show that very little or no 5-hydroxytryptamine is nor- 
mally found in plasma, but that it is present in whole blood. This difference is 
presumably accounted for by the 5-hydroxytryptamine present in the platelets 
(Rand & Reid, 1951). The average value of 0-05 ug 5-hydroxytryptamine/ml. 
of blood, however, falls far short of the amount that ought to have been 
extracted from the number of platelets contained in 1 ml. of blood. Humphrey 
& Toh (1954) have found that the 5-hydroxytryptamine content of 10° dog 
platelets is 1-7 zg. If the platelet content in dog’s arterial blood is 262,000/mm‘*, 
the amount of 5-hydroxytryptamine that could be extracted from 1 ml. of 
blood should be 0-45 ng/ml. The fact that a smaller amount of 5-hydroxytrypt- 
amine was actually extracted with acetone could either be due to incomplete 
extraction, or to loss from absorption on to precipitated blood proteins. This 
is borne out by the results of the recovery experiments in which it was found 
that the percentage recovery of 5-hydroxytryptamine added to either whole 
arterial or portal blood was only 15%. If, therefore, the 5-hydroxytryptamine 
content of whole arterial blood were 0-45 ug/ml. the amount recoverable by 
extraction would be 0-07 g/ml. The average value of 0-05 »g/ml. which was 
actually obtained compares favourably with the above figure. 

It is clear from the perfusion experiments that 5-hydroxytryptamine is 
being continually released from the stomach, and this conclusion is also borne 
out by the finding that portal blood extracts contain more 5-hydroxytrypt- 
amine than arterial blood extracts. Humphrey & Toh (1954) have found that 
platelets can absorb 5-hydroxytryptamine from solutions and that this absorp- 
tion is practically complete in dilute solutions. This finding could then explain 
why portal plasma does not show a greater content of 5-hydroxytryptamine 
than arterial plasma, because the platelets, while circulating through the 
gastro-intestinal tract, would absorb the 5-hydroxytryptamine that is being 
continually released. 
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The failure to show that 5-hydroxytryptamine is released from the perfused 
small intestine could possibly be attributed to inability to obtain a good per- 
fusion of the intestinal mucosa as shown by the fact that the mucosa was 
hardly stained with indian ink injected into the perfusion system. 

The significance of the 5-hydroxytryptamine release is not evident. It can 
possibly be related to the activity of certain cells in the gastro-intestinal 
mucosa. According to Shepherd, West & Erspamer (1953), Barter & Everson 
Pearse (1953) and Lembeck (1953), 5-hydroxytryptamine is found in the 
enterochromaffin cells, and Feyrter (1953) has suggested that these cells func- 
tion as an endocrine organ. If 5-hydroxytryptamine is a hormone, it is not 
clear what its hormonal function can be and whether it exerts an effect locally 
in the gastro-intestinal tract or distally in some other tissue. In its passage 
into the systemic circulation 5-hydroxytryptamine must necessarily pass 
through the liver which, being rich in amine oxidase, would be a site of destruc- 
tion of the substance (Blaschko & Philpot, 1953). It is possible, therefore, 
that 5-hydroxytryptamine is ‘protected’ by absorption on to blood platelets 
and that under certain conditions it is released into the plasma. 

The fact that no histamine, which is present in considerable amounts in the 
gastro-intestinal tract, was detected in the perfusates would rule out the 
possibility that the release of 5-hydroxytryptamine was due to tissue damage. 


SUMMARY 


1. Plasma contains very little or no 5-hydroxytryptamine. There is no 
difference between the 5-hydroxytryptamine content of arterial and portal 
plasma. 

2. Extracts of portal whole blood contain a greater amount of 5-hydroxy- 
tryptamine than extracts of arterial whole blood. This is not due to a difference 
in platelet count. 

3. There is a spontaneous release of 5-hydroxytryptamine from the perfused 
dog’s stomach, the output being 0-05-0-4 g/min and exceptionally 0-8 ng/min. 


I am indebted to Dr R. K. Richards of Abbott’s Laboratories for supplying me with a sample of 
serotonin creatinine sulphate. 
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IN THE PERIPHERAL MECHANISM OF SATIATION OF 
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A number of investigators have shown that reflex respiratory, pupillary or 
vascular effects are produced by stimulating the central end of the vagi below 
the diaphragm (Brodie & Russell, 1900; Neumann, 1914; Carlson & Luckhardt, 
1921; Harper, McSwiney & Suffolk, 1935), although these observations do not 
indicate that nerve fibres of the stomach are involved. However, Irving, 
McSwiney & Suffolk (1937) have shown clearly from a study of pupillary 
responses that sensory impulses in the vagus are produced when the stomach 
is distended. 

The presence of myelinated afferent fibres in the vagus at the level of the 
diaphragm was pointed out by Edgeworth (1892) and confirmed by Langley 
(1892). Evidence for spindle-shaped endings in the stomach has been provided 
by the histological studies of Langworthy & Ortega (1943) who showed that 
they are connected to myelinated fibres thought to be sensory in function. 

In spite of these studies, impulses from afferent fibres of the stomach have 
been recorded only recently (Paintal, 1953c). These were in fact found in the 
course of an investigation into the normal function of receptors stimulated by 
phenyl diguanide (Paintal, 1954a). Since then these gastric stretch receptors 
have been studied further, and several interesting facts regarding their 
responses to mechanical stimuli and drugs have emerged. Their responses to 
drugs are described in another paper (Paintal, 19545). 

Recent studies (Janowitz & Grossman, 1949; Share, Martyniuk & Grossman, 
1952) have shown conclusively that food intake in dogs is influenced to a large 
extent by distension of the stomach whether the distension is achieved 
mechanically by a balloon or by calorically inert food. Further, distension of 
the stomach with a water-filled balloon inhibits sham drinking, a reflex that is 
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abolished by vagotomy (Towbin, 1949). There is thus clear evidence for the 
existence of a peripheral sensory mechanism of satiation of hunger and thirst. 
The results of the present investigation provide evidence for the existence of 
such a sensory mechanism that must certainly be operative during distension 
of the stomach. 


METHODS 

Experiments were performed on nineteen adult cats, weighing 1-:5-3-7 kg, anaesthetized with 
intravenous injection of chloralose (70 mg/kg) after induction with ether. Gastric afferent fibres 
could be isolated in fifteen cats only. The recording apparatus and the method of isolation of single 
units from the right cervical vagus were identical with those described previously (Paintal, 1953 5). 

As before, a binocular travelling dissecting microscope served as an invaluable aid in the dissection 
of nerve fibres. Although the isolation of gastric stretch fibres was always much more difficult 
than the isolation of pulmonary and cardiovascular afferent fibres, the procedure was made con- 
siderably easier by inserting a balloon into the stomach before the dissection of the vagus was 
begun. This balloon consisted of a teatless condom 6 in. long tied to a glass tube. In the earlier 
experiments it was inserted through an incision in the duodenum and the tube held in place by 
a ligature tied round the duodenum. By means of a T-piece this was connected on one side to a 
mirror membrane manometer and on the other to a short length of rubber tubing. Distensions of 
unknown volumes were obtained by blowing into the tubing, and graduated ones by pumping in 
air of known volumes and at known speeds with the aid of a respiratory pump. 

The mirror membrane manometer served as a satisfactory signal for the distending force, but 
did not give a satisfactory indication of the progress of distension of the stomach which lagged 
behind a little. With the balloon connected only to the manometer, a satisfactory record of intra- 
gastric pressure was obtained. 

In subsequent experiments, the balloon was inserted through the mouth. The diameter of rubber 
tubing connected to the condom had to be reduced, and this increased the resistance to inflation 
thereby reducing the rate of distension of the stomach. In these experiments, a similar balloon 
was also placed between the stomach and the diaphragm. This latter balloon was connected to the 
manometer and served as a satisfactory signal for respiratory movements and gastric distension. 
It was also used to distend the upper part of the abdomen when required. 

After the insertion of the balloon, fine nerve strands from the vagus were dissected. These were 
hooked on to the recording electrodes one by one and their response to gastric distension noted 
till one was obtained which yielded an unmistakable discharge when the stomach was distended. 
This strand was subdivided further if necessary to eliminate other active units and was then 
unequivocally identified. In later experiments, the balloon was kept partially distended with air 
and the various strands examined for a persistent discharge. When one was encountered its 
response to gastric distension was noted as before. This procedure simplified the isolation of 
gastric afferent fibres in several experiments. 

In the experiments where the balloon was inserted through the duodenum, the oesophagus was 
tied off low in the neck early in the experiment to prevent regurgitation of gastric juice when the 
stomach was distended. If this was not done, the gastric juice irritated the glottis leading to 
violent coughing which dislodged the fibres from the recording electrodes. 


RESULTS 


Identification of gastric stretch afferent fibres 

In these fibres the discharge of impulses following distension of the stomach 
was, as a rule, so characteristic that little difficulty was experienced in dis- 
tinguishing them from other afferent fibres in the vagus. Differentiation from 
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various cardiovascular afferent fibres was easily achieved as the patterns of 
discharge in gastric stretch afferent fibres never showed any superimposed 
cardiac rhythms. Except in one fibre no respiratory variations were observed 
in these afferent fibres and so distinction from normally active pulmonary 
stretch fibres was also quite easy. However, on some occasions differentiation 
of these gastric fibres from normally inactive pulmonary stretch fibres presented 
slight difficulty. These latter were of the type that gave a discharge of impulses 
when the stomach was distended (Fig. 1). It is well known that there are many 
pulmonary stretch receptors that are inactive during quiet respiration, and it 


Fig. 1. Influence of gastric distension on the activity of two pulmonary stretch fibres. In A, 
gastric distension stimulates a pulmonary stretch fibre; in B, distension inhibits the discharge 
in another fibre. From above downwards in A and B, e.c.g.; record of impulses in vagal 
afferent fibres; time marks in #5 sec (in A only) and distension signal. 


is conceivable that raising the diaphragm by distension of the stomach would 
lead to a localized compression of the base of the lungs; this would be accom- 
panied by stretching the neighbouring portions of the lungs which in turn would 
lead to stimulation of the previously inactive pulmonary receptors situated 
here. Distinction of these pulmonary fibres from gastric ones was obtained by 
noting the response of the fibres to inflation and deflation of the lungs which 
evoked the well-known responses from the slowly and rapidly adapting 
pulmonary stretch fibres. With a collapsed stomach none of the gastric fibres 
so far studied responded to inflation or deflation of the lungs. This test was 
carried out on all fibres suspected to arise from the stomach and if there was 


& positive response it was assumed that the fibre was of thoracic origin. 
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In many slowly adapting pulmonary stretch fibres distension of the stomach 
with about 100-200 ml. of air produced either a reduction or an increase in the 
discharge (Fig. 1). The increase was usually short-lived, but at times the dis- 
charge so produced was slowly adapting and was presumably due to the 
mechanical effect of the distension on the thoracic viscera produced by raising 
the diaphragm and widening the lower left portion of the chest. 

Another way of distinguishing the gastric afferent fibres from the slowly 
adapting pulmonary stretch fibres was to note the response of the fibres to 
distension of the balloon placed between the stomach and the diaphragm. 


Fig. 2. Records of spontaneous discharges in two gastric stretch fibres. Records B and C are from 
the same fibre before and after injecting adrenaline intra-aortically. From above downwards 
in each, e.c.g.; impulses in gastric stretch fibres; (in A and C only) time in 5 sec and record 
of intragastric pressure. The heart had stopped in A. 


In pulmonary stretch fibres this yielded a response similar to that seen when 
the intragastric balioon was distended, while in gastric stretch fibres as a rule 
this had no effect (Fig. 4). However, in one fibre this manoeuvre yielded a 
small train of impulses which was in no way comparable to the characteristic 
slowly adapting discharge resulting from distension of the stomach. Since it is 
possible that there are vagal afferent fibres with endings in the peritoneum and 
other neighbouring abdominal viscera this procedure also helped to exclude 
these. 

Additional confirmation about the identity of gastric stretch receptors was 
obtained by their characteristic response to an intra-aortic or intravenous 
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injection of phenyl diguanide (Paintal, 19546). After making all the necessary 
observations most of the receptors were finally localized in the stomach by 
digital compression or by stretching of the stomach wall (Fig. 11). 


Spontaneous discharges 

Spontaneous activity, if any, was looked for carefully in twenty-five gastric 
stretch afferent fibres, but it was met with in only eight of them (Table 1). 
The pattern of discharge in each of these varied from fibre to fibre and in the 
same fibre at different times. In six fibres spontaneous activity consisted of 
irregular single impulses or bursts of impulses with a peak frequency varying 
from 1 to 38 impulses/sec during the bursts. Between bursts there were 
intervals lasting 1-10 sec of reduced or no activity. 


TaBLE 1. Characteristics of spontaneous discharges in eight gastric stretch afferent fibres 


Pattern Impulses/sec No.of Frequency — 
Fibre of — , impulses of groups 
no. discharge Maximum Minimum in groups (groups/min) idl 
1 8,G 35 2 40 ? Cc 
2 8 10 2 P 
6 8 6 0 B 
10 G 18 0 6-10 25-50 P 
12 8 8 0 P 
13 G 20 0 2 
30 8 5 0 — 


S, pattern of discharge consists of single irregular impulses; G, pattern of discharge consists of 
groups of impulses; C, cardiac end of stomach; P, pyloric end of stomach; B, body of stomach. 

In fibre no. 1 the single impulses were accompanied by groups of impulses 
of 1-5-2 sec duration in which the peak frequency was much higher. In two 
fibres, only grouped discharges were seen (Fig. 2). One of these (no. 10, 
Table 1) showed groups of 6—10 impulses with a peak frequency of 18/sec in the 
groups. The groups which occurred at a variable frequency of 25-50/min had 
on no occasion any relation to respiratory or cardiovascular events. In the 
other fibre (no. 13, Table 1) spontaneous activity consisted initially of either 
single impulses or groups of three or four impulses, the groups occurring 
irregularly at a frequency of 30-40/min. At times for several seconds at a 
stretch there was no activity. After an intra-aortic injection of adrenaline, 
however, a rhythmic pattern of discharge appeared (Fig. 2). This consisted of 
groups of 80-90 impulses, each group occurring regularly at a frequency of 
about 2/min. The maximum frequency of impulses in each group was about 
20/see and between the groups there were no impulses (Fig. 3). The intra- 
gastric pressure remained constant throughout this period apart from the 
regular respiratory fluctuations in pressure which did not affect the activity 
of the fibre in any way. 

A similar type of activity was observed in another fibre from a receptor 
which did not respond at all to distension of the stomach or to digital stretching 
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and compression of different parts of the stomach. This fibre yielded a dis- 
charge of impulses 1-4 sec after an intra-aortic injection of phenyl diguanide 
which indicated that it was located somewhere in the abdomen. 

In those experiments where artificial respiration was used, the production 
of asphyxia by stopping the respiratory pump for 2 min caused no change in 
the spontaneous activity of a number of gastric stretch receptors. Further, in 
several experiments the responses of the receptors were studied after the heart 
had stopped for several minutes, occasionally for as long as half an hour. In no 
case, however, did spontaneous activity commence in receptors that had been 
inactive while the circulation was intact, or increase in those which showed 
spontaneous activity previously (Fig. 2). These receptors are, therefore, not 
sensitive to anoxia or CO, excess. : 


2 4 6 8 26 28 


Fig. 3. Graph of spontaneous discharge in the gastric stretch fibre shown in Fig. 2 B and C after 
injection of adrenaline (60 ug/kg) into the abdominal aorta. 


Table 1 shows that the lowest frequency of discharge found in all the fibres 
varied from 0 to 2 impulses/sec, and it is not difficult to imagine that if the 
activity in the fibres is studied mainly on the screen of the cathode-ray tube 
or over the loudspeaker, many of the impulses would be missed as is believed 
to have happened in an earlier investigation where it was concluded that 
phenyl diguanide receptors are normally inactive (Paintal, 1953a). Further, 
since it is comparatively more difficult to isolate single units of these fibres, 
their activity was masked by the more prominent discharges from pulmonary 
and cardiovascular afferent fibres which often accompany them in the small 
strands. These facts became apparent early in the investigation and, therefore, 
spontaneous activity was studied entirely from continuous photographic 
records taken at a slow speed over comparatively longer periods. 
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It has not been possible so far to relate the spontaneous discharges to any 
) known phenomenon occurring in the stomach. Increased tone of the stomach 
produced by pouring a solution of acetylcholine over it or gastric contractions 
induced by electrical stimulation, resulting in increased intragastric pressure, 
did not produce any activity in fibres that were inactive when the stomach 
-was atonic. 

All the cats concerned in these experiments were starved overnight, and at 
the time of studying their spontaneous activity the condom in the stomach was 
kept deflated. The deflated volume of the condom was not more than 10 ml. 
Post-mortem examination confirmed that there was no food in the stomach 
and that the stomach was normal in all the cats. A small quantity of gastric 
juice was always present. 


Fig. 4. Response of a gastric stretch receptor to a maintained distension of the stomach. At 
arrow in A 150 ml. of air was pumped in and the distension released at arrow in B. Record 
in B taken 70 sec after A. In C rapid distension of the balloon between the stomach and the 
diaphragm with 250 ml. of air during signal (last trace) has no effect. From above down- 
wards in each, e.c.g.; impulses in a gastric stretch fibre, time in y’5 sec. 


Responses to distension of the stomach 

The responses of over a hundred gastric stretch receptors to distension of the 
stomach have been observed. In each fibre the discharge started about 
0-1-0-5 sec after the beginning of the distension and ended after a slightly 
greater interval following the release of the distending force (Fig. 4). The 
increased delay was considered to be due to the inertia of the balloon. 

The threshold of distension at which the receptors were stimulated varied 
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considerably in different fibres being anything from 5 to 150 ml. of air; in the 
majority the threshold was less than 50 ml. At times, in the same fibre, the 
threshold varied with the position of the balloon in the stomach, the position 
of the stomach in the abdomen and the tension exerted by instrumental 
attachments such as cannulae in the stomach. However, with the stomach in 
situ, the threshold remained constant throughout the period of observation. 
The threshold was not greatly affected by bringing the stomach out of the 
abdominal wound. The peak frequency of impulses attained with maximal 
distension varied between 25 and 60 impulses/sec in different fibres. 


20 
0 12 


Fig. 5. Graph of response of a gastric stretch receptor to maintained distension of the stomach. 
The frequency after 9 sec is as high as the initial peak frequency following rapid distension 
of the stomach which is indicated by the interrupted line. 
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Seconds 
Fig. 6. Graph of response of a slowly adapting gastric stretch receptor to distension of the stomach 
which was maintained for over 1 min. Distension is indicated by the interrupted line. 
Adaptation 
A study of thirty gastric stretch receptors in detail showed that during a 
maintained distension, the discharge in the majority of the fibres tended to 
adapt slowly. In many, no tendency to adaptation was observed even with 
rapid and large inflations, the initial peak frequency in these being the same as 
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that several seconds later (Fig. 5). In one fibre a rapidly adapting type of 
discharge was observed (Fig. 7). This was unaffected by the position of the 
balloon in the stomach or by the relative position of the stomach in the 
abdomen. The threshold of this receptor was about 125 ml. of air and it was 
located very near the cardiac sphincter. It was confirmed that the rapidly 
adapting response was not due to the effect of anoxia on a slowly adapting 
type of receptor as observed by Adrian in pulmonary stretch fibres (1933). 


Fig. 7. Graph of response of a rapidly adapting gastric stretch receptor to rapid distension of the 
stomach with 200 ml. of air. Distension is indicated by the interrupted line. 


Three other receptors located in the region of the cardiac sphincter showed the 
typical slowly adapting response. Another one, sensitive to phenyl diguanide 
and also located here, gave no response to gastric distension. It, therefore, 
appears that there is some variation in the nature of responses given by 
receptors at the cardiac end of the stomach. All those in the pyloric end of the 
stomach showed slowly adapting discharges. In a few fibres the distension was 
maintained for several minutes. In one of these, the discharge frequency was 
unaltered after several minutes; in another there was only a slight fall after 
1 min (Fig. 6) and in the third the frequency fell by about 16% after a minute. 
These observations indicate that the gastric stretch receptors are capable of 
signalling the degree of distension of the stomach. 

During a maintained distension of the stomach gastric contractions induced 
by an additional stimulus, e.g. galvanic current, had apparently no influence 
on the discharge although there was a considerable rise in intragastric pressure. 
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Further, respiratory fluctuations in intragastric pressure did not influence the 
discharge except in one case. However, manual compression of the distended 
stomach produced an increase in the discharge frequency in all cases, where 
this procedure was carried out (Fig. 8). This was presumably due to the in- 
creased stretching of the stomach at the site of the receptor. It is therefore 


Fig. 8. Impulses in a gastric stretch afferent fibre following compression of partially distended 
stomach. From above downwards, e.c.g.; impulses in a gastric afferent fibre; time in yy sec; 
and intragastric pressure. The degree of distension of the stomach was below the threshold 
of the receptor. 


30 


impulses/sec 


100 200 300 400 
Air at intragastric pressure (ml.) 
Fig. 9. Relation of degree of distension of the stomach and number of impulses in two gastric 
stretch afferent fibres from receptors located in the cardiac —@—@— and plyoric —O—O— 
ends of the stomach respectively. 


likely that a rise in intragastric pressure unaccompanied by stretching of the 
stomach wall does not stimulate the receptors. Apart from the respiratory 
fluctuation in the discharge seen in one fibre, no other cyclical variations were 


superimposed on the discharge produced by a maintained distension. 
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The relation between the degree of distension of the stomach and the 
frequency of impulses has been determined in five afferent fibres in five dif- 
ferent cats. In one, known volumes of air were injected in 20 ml. steps with 
a 100 ml. syringe such that each succeeding volume was added on to the first. 
The rate of injection could not be controlled. In two fibres the balloon was 
distended in 50 ml. steps by a respiration pump each succeeding volume being 
added on to the earlier one as before. Each inflation was completed in 0-9 sec 
and the average frequency of impulses over 0-5 sec of the record at the end of 
the inflation was determined. The volumes of air injected at ambient tempera- 
ture and pressure were converted into volumes at the corresponding intra- 
gastric pressures thus giving the actual change in volume undergone by the 
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Fig. 10. Frequency of discharge in a gastric afferent fibre with gradual distension of the stomach. 
The gastric balloon was distended with 150 ml. air in 12 sec as shown by the interrupted line. 


stomach. No allowance for temperature was made as there was usually little 
difference between the environmental temperature (30° C) and the temperature 
of the stomach which was often exposed to the air through the abdominal 
wound. As shown in Fig. 9 the relation between the frequency of discharge 
and degree of distension of the stomach is clearly linear. 

Since it was thought that the rate of distension might play an important 
part in modifying the relationship, each inflation was completed in 0-1 sec in 
the case of the fourth fibre. Inflations, increasing in 50 ml. steps, were applied 
and the balloon was completely deflated before the subsequent volume was 
pumped in. Plotting the peak frequency or the frequency 2 sec after the in- 
flation against the inflating volume again revealed the linear relationship. 

As the entry of food into the stomach is a gradual process, it was worth 
determining whether a gradually increasing distension could be satisfactorily 
indicated by the receptors. This was done in the fifth fibre (Fig. 10); it is clear 
that the frequency of discharge follows closely the gradually increasing dis- 
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tension. In another fibre, distension of the balloon with 200 ml. of water in the 
course of 2 min resulted in a frequency of discharge identical with that fol- 
lowing distension with air. 


Conduction velocities 

As the conduction velocities of some fibres with receptors sensitive to phenyl 
diguanide had been determined earlier (Paintal, 19535), the determination of 
the conduction velocities of gastric stretch afferent fibres was not specially 
attempted in this investigation, for it has been shown that the great majority 
of receptors sensitive to phenyl diguanide are located in the stomach (Paintal, 
1954a). However, the conduction velocity of one fibre was found to be 
13 m/sec. In another strand which apparently consisted exclusively of several 


Fig. 11. Localization of gastric stretch receptors. From above downwards in each record, e.c.g. ; 
impulses in a gastric afferent fibre; time in ¢ sec; and signal. In A, the cardiac end of the 
stomach was compressed digitally between the beginning and end of the signal. Records 
B and C which are from the same fibre show effect of compressing two halves respectively of 
the partially divided pylorus. In B the pylorus was compressed lightly near the lesser 
curvature. In C which is from the same fibre as B the pylorus was compressed half an inch 
away near the greater curvature; note absence of impulses during compression. Records 
B and ©, illustrate degree of accuracy of localization. | 


gastric stretch afferent fibres, the conduction velocity of the compound action 
obtained by maximal stimulation of the cervical vagal trunk ranged from 
6-5 to 13 m/sec at 38° C. These determinations raise the upper limit of the 
conduction velocities of fibres with receptors stimulated by phenyl diguanide 
from 9 to 13 m/sec. The mean conduction velocity of gastric stretch fibres 
would be about 9 m/sec. 
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Location of receptors in the stomach 

Most of the receptors studied have been localized in the stomach by noting 
their responses to digital compression or by stretching of the stomach (Fig. 11). 
The discharge so obtained was always of a higher frequency than could be 
obtained by mechanical distension of the stomach sometimes reaching about 
100 impulses/sec. Although such stimuli are not likely to be encountered in the 
natural state they were useful in localizing fourteen receptors in different parts 
of the stomach (Fig. 12). Most of these were localized with certainty within an 
area of 4 cm?, a few within 1 cm?. In the case of two out of the four located at 
the cardiac end of the stomach, removal of the greater part of the stomach left 
unaffected the responses of the receptors to digital manipulation of the 
remaining strips of the stomach wall. 

Seven receptors were localized at the pyloric portion of the stomach, four 
near the lesser curvature at the cardiac end, three in the body and one on the 
greater curvature nearer the pyloric than the cardiac end of the stomach. No 
attempt was made to determine whether the receptors were situated in the 
ventral or the dorsal walls of the stomach, but it is believed that they are 
present in both. The absence or relative infrequency of receptors in the fundus 
and the major part of the body and greater curvature of the stomach may be 
significant. 

Stroking the mucous membrane or the peritoneal surface of the stomach did 
not yield a response suggesting that the receptors are probably not located 
near either of these surfaces but in the smooth muscle itself. 


DISCUSSION 


It has been shown that there are in the stomach stretch receptors whose 
response is related to the degree of distension of the stomach and which are 
probably situated in the smooth muscles of the stomach. It is possible that 
their disposition in the stomach (Fig. 12), if confirmed, might bear some 
relation to the tension exerted by the gastric contents on different parts of 
the stomach. Histological evidence of spindle-shaped receptors in the smooth 
muscle of the stomach has been provided by Langworthy & Ortega (1943). 
They are not likely to be situated in or near blood vessels, since superimposed 
cardiac rhythms have not been observed. The receptors are connected to 
medullated A fibres, as is obvious from the nature of their spike potentials and 
conduction velocities. Edgeworth (1892) described such medullated fibres, an 
observation confirmed by Langley (1892). The fibres concerned probably 
belong to the smaller group with diameters 1-8-3-6 pu. 

The isolation of single units of gastric stretch afferent fibres is more difficult, 
for several reasons. The fibres are of small diameter and are, therefore, more 
easily destroyed during dissection; if they are alive their activity is usually 
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overshadowed by the much greater activity of pulmonary and cardiovascular 
fibres; they are less numerous, and finally many of them are under the con- 
ditions of these experiments inactive in cats starved before an experiment. 
It is, therefore, not surprising that these receptors have so far remained un- 
detected by various investigators working on the afferent fibres of the vagus. 
The isolation of these fibres has now been rendered less difficult. By keeping 
a balloon partially distended in the stomach, fibres showing persistent dis- 
charges can be sorted out and can then be identified easily by the methods 
described. 


Fig. 12. Location of gastric stretch receptors in the stomach. 


There would seem to be little doubt that the normal function of these 
afferent fibres is to signal the state of distension of the stomach. It is, there- 
fore, apparent that at meal-times or after intake of water large numbers of 
these impulses would be excited, their number increasing with the course of 
food or water intake. Maximal stimulation would be achieved when the stomach 
was fully distended. Thereafter, the number of impulses would continue to 
reach the brain at a fairly constant rate diminishing but little, since the 
receptors are very slowly adapting, till the stomach began to empty. The 
number of impulses would then gradually decrease until the stomach was fully 
emptied when about a third of the receptors would still be active discharging 
spontaneously at about 1-10 impulses/sec. When water was drunk, maximal 
stimulation would presumably be attained earlier and would also cease 
earlier. 

It is suggested that aside from their possible role in various reflexes, such as 
the gastro-colic, the gastric receptors demonstrated in these experiments are 
responsible for the immediate feeling of satiation of hunger and thirst which 
increases with the progress of a meal or intake of water. When the number of 
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impulses reaches a certain level, feeding or intake of water comes to an end. 
They probably play little, if any, part in the more permanent satiation that 
follows absorption of food or water. There is a considerable amount of evidence 
in support of this hypothesis. The careful experiments of Grossman and co- 
workers (Janowitz & Grossman, 1949; Share et al. 1952) have shown that 
sham feeding by oesophagostomized dogs depends on the mechanical disten- 
sion of the stomach whether the distension is achieved by a balloon or calori- 
cally inert material. It is bulk rather than caloric content that limits further 
food intake, and inhibition continues for prolonged periods so long as the 
distension is present (Share et al. 1952). Of considerable interest and one that 
lends much support to the present hypothesis is the observation by Towbin 


_ (1949), that sham drinking in dogs is inhibited by distension of the stomach 


with a balloon. This response is abolished by vagotomy indicating clearly that 
the reflex pathway lies in the vagus. Undoubtedly, an efficient mechanism for 
achieving this exists in the gastric stretch receptors and their vagal afferent 
fibres. As suggested by the results of Towbin (1949), this afferent mechanism 
would be responsible only for the immediate temporary satiation of thirst and 
not the subsequent permanent satiation which follows the intestinal absorption 
of water. 

It is likely that the gastric stretch afferent fibres eventually make connexions 
with the hypothalamic nuclei which undoubtedly exert a regulatory function 
on food intake (Brobeck, 1946). The inhibitory influence of the ventromedial 
nucleus or some neighbouring structure on the so-called ‘feeding centre’ has 
been suggested by Anand & Brobeck (1951). If the gastric stretch fibres 
terminate in the ventromedial nucleus then a reflex mechanism is conceived 
for the regulation of food intake. Distension of the stomach by food or water 
would lead to a large number of impulses arriving at the ventromedial nucleus 
which by stimulating it would lead to inhibition of the feeding centre. The 
ventromedial nucleus could then be regarded as the satiation centre being 
largely sensory in function as conceived by Pavlov in his ‘food’ centre (1928). 


SUMMARY 

1. The responses of vagal afferent fibres arising from receptors in the 
stomach were studied in anaesthetized cats. It was shown that a slowly 
adapting discharge of impulses appears in them following distension of the 
stomach with a balloon, The endings concerned are, therefore, similar to other 
stretch receptors in skeletal muscles and the lungs. 

2. A linear relation was observed between the degree of distension of the 
stomach and the number of impulses/sec in the fibres. 

3. Some of the fibres showed spontaneous activity in the form of single 
irregular impulses or groups of impulses; no uniform pattern of activity was 
found. Most of the fibres were, however, normally inactive when the stomach 
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was empty and were, therefore, difficult to isolate. Methods have been 
described to facilitate isolation of these fibres and identify them unequivocally. 

4. The conduction velocities of some of the fibres ranged from 6 to 14 m/sec. 

5. Fourteen gastric stretch receptors were localized digitally in different 
parts of the stomach. Most of these were in the pyloric portion of the stomach. 

6. It is suggested that the normal function of the gastric stretch fibres is to 
signal the degree of distension of the stomach and it is believed that they 
constitute the peripheral mechanism for the immediate satiation of hunger 
and thirst. 


This paper is published with the permission of the Director of Technical Development and 
Master-General of Ordnance, Army Headquarters, New Delhi. My thanks are due to Mr Y. C. Wal 
for much technical assistance. 


REFERENCES 
Apruay, E. D. (1933). Afferent impulses in the vagus and their effect on respiration. J. Physiol. 
79, 332-358. 


Ananp, B. K. & Broseck, J. a Hypothalamic control of food intake in rate and cats. 
Yale J. Biol. Med. 24, 123- 


Broseck, J. R. (1946). Saas of the development of obesity in animals with hypothalamic 
lesions. Physiol. Rev. 26, 541-559. 


Bropig, T. G. & Russeu, A. E. (1900). On reflex cardiac inhibition. J. Physiol. 26, 92-106. 


Canney A. J. & Lucxnarpt, A. B. (1921). Studies on the visceral sensory nervous system. 
V. Cardiac and vasomotor reflexes induced by visceral stimulation in Amphibia and Reptilia. 
Amer. J. Physiol. 55, 31-52. 


Epcrworrs, F. H. (1892). On a oe sensory supply of the thoracic and abdominal 
viscera. J. Physiol. 13, 260-27 


Harper, A. A., MoSwivey, B. A. . Buvrokx, 8. F. (1935). Afferent fibres from the abdomen in 
the vagus nerves. J. Physiol. 85, 267-276. 


Irvine, J. T., MoSwuvey, B. A. Fest F, (1937). Afferent fibres from the stomach and 
small intestines. J. Physiol. 89, 407-420 


Janowitz, H. D. & Grossman, M. I. (1949). Some factors affecting the food intake of normal 
dogs and dogs with esophagostomy and gastric fistula. Amer. J. Physiol. 159, 143-148. 
aa J. N. (1892). On the larger medullated fibres of the sympathetic system. J. Physiol. 13, 

786-788. 


mere oe O. R. & Orteaa, L. (1943). Sensory endings on gastric muscle. J. comp. Neurol. 
Nevumanyy, K. O. (1914). The afferent fibres of the abdominal vagus in the rabbit and cat. J. Physiol. 
49, 34-37. 


Parntal, A. Py (1953.a). The response of pulmonary and cardiovascular v receptors to certain 
drugs. J. Physiol. 121, 182-190. - 


ParntaL, A. s. (1953). The conduction velocities of respiratory and cardiovascular afferent fibres 
in the vagus nerve. J. Physiol. 121, 341-359. 

ParntaL, A. 8. (1953c). Impulses in v afferent fibres from stretch receptors in the stomach 
and their role in the peripheral mechanism of hunger. Nature, Lond., 172, 1194-1195. 

PaInTaL, Loti eer A method of locating the receptors of visceral afferent fibres. J. Physiol. 
124, 

PatntaL, A. 8, (19546). The response of gastric stretch receptors and certain other abdominal and 
thoracic vagal receptors to some drugs. J. Physiol. 126, 271-285. 

Pav ov, I. P. (1928). Lectures on Conditioned Reflexes, p. 154. New York: International Publishers. 

Sake, I,, Marryntux, E. & Grossman, M. I. (1952). Effect of prolonged intragastric feeding on 
oral food intake in dogs. Amer. J. Physiol. 169, 229-235. 

Towsrn, E. J. (1949). Gastric distension as a factor in the satiation of thirst in esophagostomized 
dogs. Amer. J. Physiol. 159, 533-541. 


‘ 


271 


J. Physiol. (1954) 126, 271-285 


THE RESPONSE OF GASTRIC STRETCH RECEPTORS AND 
CERTAIN OTHER ABDOMINAL AND THORACIC VAGAL 
RECEPTORS TO SOME DRUGS 


By A. 8. PAINTAL* 


From the Physiology Branch, Technical Development Establishment 
Laboratories, Kanpur, India 


(Received 22 April 1954) 


The presence of gastric stretch receptors reported in detail in another paper 
(Paintal, 19545) was revealed in the first instance by means of injection of 
phenyl diguanide into different vascular channels (Paintal, 19544). This 
sensitivity is peculiar as the drug did not, in the same or somewhat higher 
doses, affect other visceral stretch receptors (Paintal, 1953). It, therefore, 
seemed worth while to study further the responses of gastric stretch receptors 
to this, and other drugs such as nicotine, lobeline and 5-hydroxytryptamine 
which are also known to produce reflex effects. An additional point was that 
in case these drugs did alter the activity of gastric stretch receptors the in- 
formation so gained would help in the interpretation of the reflex effects of 
these drugs. 

It is believed that the gastric stretch receptors with their afferent connexions 
are responsible for the immediate satiation of hunger and thirst (Paintal 
19546). Since some evidence exists to show that adrenaline and blood sugar 
level modify oral food intake (Mayer & Bates, 1952), the effects of these two 
drugs on gastric stretch receptors were also studied. 

In the course of the investigation certain other abdominal and thoracic 
receptors sensitive to phenyl diguanide were also encountered. Two of these 
were located in the intestines and two were probably of pulmonary origin. The 
presence of pulmonary receptors sensitive to phenyl diguanide confirms the 
conclusions of Dawes, Mott & Widdicombe (1951). 


METHODS 
The experiments were performed on the same cats used in investigating the characteristics of 
gastric stretch receptors described in another paper (Paintal, 1954). The afferent fibres studied 
and the methods of distending the stomach, recording intragastric pressure, etc., were, therefore, 
the same as those described in that paper. 
* Present address: Vallabhbhai Patel Chest Institute, University of Delhi, Delhi, India. 
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In the first thirteen experiments an aortic cannula 10-5 cm long and 2 mm external diameter, 
with its tip upstream from the coeliac artery, was inserted into the abdominal aorta. In the re- 
maining six experiments a catheter was inserted into the right external jugular vein; the tip of 
this lay in the superior vena cava. The position of the cannula and catheter were confirmed post- 
mortem. Injections were made directly through these into the vessels. 

The drugs used were dissolved in 0-9% NaCl (w/v), and the concentration in which they were 
injected were: phenyl diguanide, 5-hydroxytryptamine creatinine sulphate, and adrenaline hydro- 
chloride (Parke Davis), 1 in 10,000; nicotine tartrate, lobeline and pt-amphetamine, 1 in 1000; 
and glucose, 20-50 % (w/v). The usual doses of drugs injected were pheny] diguanide, 40-100 ug/kg; 
5-hydroxytryptamine (base), 13-22 pg/kg; adrenaline, 20-55 pg/kg; nicotine, 80-550 pg/kg; 
lobeline, 350 yg/kg; amphetamine 0-5~1-5 mg/kg; and glacose 0-2-1-0 g/kg. Not all the drugs 
were injected when studying the responses of any particular fibre, and a few minutes were allowed 
to elapse before injecting the next drug. Usually, the effect of injecting 3-6 ml. 0-9% NaCl was 
noted before injecting the next drug; this never produced a discharge of impulses in any fibre. 
All the solutions were at room temperature which was about 30° C during the hot summer months 
when these experiments were performed. 

Injections usually occupied about | sec and the response time was always reckoned from the 
beginning of the injection. 

RESULTS 

In Table 1 are summarized the responses of twenty-nine gastric stretch 
afferent fibres following injections into the abdominal aorta (fibres nos. 1-16) 
or the superior vena cava (fibres nos. 17-31) of phenyl diguanide, 5-hydroxy- 
tryptamine, nicotine, adrenaline and glucose. All the fibres except fibre 
no. 28 yielded an unmistakable slowly adapting discharge on distending the 
stomach with a balloon. Owing to the different circumstances of each experi- 
ment it was not possible to study the effect of all the above drugs on all the 
twenty-nine receptors. The responses of the fibres following injections of 
lobeline and amphetamine have not been included in the table owing to the 
small number of observations with these drugs. 

Phenyl. diguanide. The responses of twelve receptors to intra-aortic in- 
jections of phenyl diguanide were studied; ten of these yielded a discharge of 
impulses, two did not. Although the pattern and intensity of the response 
varied somewhat in different fibres, the discharge in all of them started within 
1-2-2-4 sec after the beginning of the injection (average 1-5 sec). The duration 
of the response varied from 1-3 to 4-4 sec (average 1-8 sec). The peak frequency 
of discharge varied from 20 to 40/sec. A dose of 50-55 ug/kg was effective in 
stimulating the receptors, although the minimum effective dose was probably 
much less, and it is possible that the two receptors that failed to respond to 
this dose could have been stimulated by larger doses. 

The pattern of discharge when plotted as the frequency of impulses/sec 
varied considerably (Fig. 1). In some fibres the discharge rose to a peak and 
gradually died away. In others, the impulses tended to form small groups at 
times, and in still others, near the end of the discharge, the frequency of 
impulses rose to a final peak to terminate in complete absence of any further 
impulses. 
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Table 1 shows that when phenyl diguanide was injected into the superior 
vena cava, half of the fibres examined yielded no responses, although the doses 
of the drug injected were often nearly twice those injected into the aorta. In 
those, where a response appeared (Figs. 1 and 2), the injection-response time 


TaBie 1. Response of gastric stretch receptors to certain drugs. Drugs were injected into the 
abdominal aorta while studying responses of fibres nos. 1-16 and into the superior vena cava 
in the rest. Figures represent doses of drugs which yielded (+) or did not yield (-) a 
discharge of impulses in the fibres 

Phenyl 5-Hydroxy- 


Fibre diguanide "Tena Nicotine Adrenaline Glucose Situation of 
no. (ug/kg) pg/kg) (ug/kg) (ug/kg) (g/kg) receptors 
3 +55 — — 
4 +55 — C 
5 +55 — — 
6 +55 — — +20 +01 B 
7 +50 - 0-5 C 
8 +50 +22 +240 +50 +05 B 
9 +50 +22 +500 - 50 ~0-2 — 
ll +55 +55 +0-2 
13 +150 +60 +0-2 
14 - 50 - 50 +0-9 — 
15 — 250 - 50 0-2 P 
16 ~ 250 - 50 0-2 
17 — 550 55 -10 
18 ~ 100 - 100 50 -10 — 
19 +80 +17 - 80 +40 -0-8 B 
20 +80 +17 - 80 a -0-8 -- 
21 80 ~40 -0-8 — 
22 +80 — +40 
23 60 — — P 
24 +50 +30 -- 
25 +60 +13 +0-6 
26 +60 +22 — — - 0-6 P 
27 60 22 - 0-6 4 
28 100 — C 
30 +80 +22 +25 -10 
31 100 — 22 P 


+, positive response; —, negative response; P, pyloric end of stomach; B, body of stomach ; 
C, cardiac end of stomach. 


varied from 3-8 to 9 sec (average 5-6 sec). The duration varied from 3 to 8 sec 
(average 5-6 sec). This value is about 3 times the average value obtained 
following intra-aortic injections. The peak frequency was 15-35 impulses/sec. 
As in the case of intra-aortic injections considerable variations in the pattern 
of discharge were observed in this series as well. 

In two fibres, after an initial clear response following an intra-aortic in- 
jection of phenyl diguanide, no further responses could be obtained by subse- 
quent injection of the drug. Although in most of the fibres repeated injections 
at intervals of 5-10 min yielded undiminished responses, there were a few in 


which the peak frequency and duration of the discharge fell after subsequent 
18-2 
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injections. For this reason the responses to vena caval and intra-aortic 
injections are not strictly comparable as these injections followed each other, 
but in spite of this, intra-aortic injections with few exceptions yielded a higher 
peak frequency of discharge. On the other hand, the duration of the discharge 
following intra-aortic injections was always less, being 10-90% of the duration 
following injection into the superior vena cava. This suggests that most of the 
drug was washed past the coeliac artery as the tip of the intra-aortic cannula 
was just upstream from this artery. 


10 12 


Fig. 1. Graph of responses in two gastric stretch fibres in the same cat to injection of phenyl 
diguanide at arrow. A, intra-aortic injection of 55 yg/kg; and B, injection of 80 ug/kg into 
the superior vena cava. Note the different injection-response times in the two cases. 


In view of the failure of some receptors to respond to repeated doses of the 
drug it became obvious that an attempt to determine the threshold amounts 
of the drug effective in stimulating the receptors would be accompanied by 
considerable difficulties. However, it is conjectured that 30 yg/kg of phenyl 
diguanide intravenously would probably be effective. Lesser doses would 
probably suffice if injected into the abdominal aorta. 
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Bathing the peritoneal surface of the stomach or the mucous membrane 
with phenyl diguanide solution particularly at the site of the receptor located 
digitally, yielded no responses. Thus, if the drug did affect the smooth 
musculature in any way this had apparently nothing to do with the stimula- 
tion of the receptors. The fact that bathing the stomach in a dilute solution of 
acetylcholine did not affect the receptors but gave rise to powerful gastric 
contractions suggested that phenyl diguanide could satisfactorily act on 
the smooth musculature if it was poured on to the stomach. In one experiment, 
submucous infiltration of phenyl diguanide at the site of the receptor, such 
that a large vesicle was formed, did not give rise to any impulses. 


Fig. 2. Impulses in a gastric stretch fibre. A, B and C are the responses to pheny! diguanide, 
60 yg/kg; 5-hydroxytryptamine, 13 ug/kg; and glucose 0-6 g/kg respectively. The injection- 
response times were, respectively, 8-9, 8-9 and 11-6 sec. From above downward in each 
e.c.g., impulses in fibre; and time in 75 sec. 


Receptors sensitive to and insensitive to phenyl diguanide were found in 
all cats. An analysis of the results showed that there is apparently no correla- 
tion between the sensitivity of a receptor to phenyl diguanide and (a) the 
nature of its response to gastric distension, (b) the presence or absence of 
spontaneous activity and (c) the situation of the receptor in the stomach. 

5-Hydroxytryptamine (HT). The effect of intra-aortic injections of HT on the 
activity in two fibres was determined. In both, a discharge of impulses. 
appeared 1-8 and 2-0 gec respectively after the injection. These values, though 
slightly lower, were not significantly different from those following injection 
of phenyl diguanide. The duration and peak frequency of discharge were, 
however, greater in both. 
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Injection of the drug into the superior vena cava evoked a discharge in five 
out of seven fibres examined (Fig. 2). The injection-response times varied 
between 3-5 to 9-0 sec, being the same as that following phenyl diguanide. The 
duration of the evoked discharge varied from 1-8 to 8-0 sec, and in all but one 
fibre, the durations were greater than those seen in the same fibres after in- 
jection of phenyl diguanide. As can be seen in Table 1, doses of 13-22 pg/kg 
were effective in stimulating the receptors. As in the case of phenyl diguanide, 
the pattern of discharge varied considerably in different fibres. 

Both the receptors that were insensitive to HT were also insensitive to 
phenyl diguanide. This observation was confirmed in a number of other fibres 
studied purely on the screen of the cathode-ray tube. As in the case of pheny] 
diguanide the sensitivity of a receptor to HT apparently bore no relation to 
either the exact situation of the receptor in the stomach or to the presence of 
spontaneous activity in it. 

Nicotine, lobeline and amphetamine. Intra-aortic injections of 150-500 yg/kg 
of nicotine tartrate evoked a response in three out of five receptors (Fig. 3, C). 
Where a comparison was possible, the response following injection of nicotine 
was always much greater than that resulting after phenyl diguanide, the 
duration of the discharge in these fibres being 4-3, 12-0 and 16-5 sec respectively. 

Injections of 80 yg/kg of nicotine into the superior vena cava were in- 
effective in stimulating four receptors of which two were stimulated by both 
HT and phenyl diguanide; it would appear that the doses of 80 ng/kg were too 
small. A fifth receptor, which was not stimulated by 90 ug/kg phenyl diguanide 
injected into the superior vena cava, also failed to respond to 550 pg/kg 
nicotine (Table 1). | 

Intra-aortic injections of 350 wg/kg lobeline stimulated two receptors which 
were also stimulated by nicotine. The duration and peak frequency of the 
discharges were much less, but the injection-response times were identical. 

Injections of amphetamine into the superior vena cava yielded no responses 
from four receptors on which it was tried. Two of them were stimulated by 
both phenyl diguanide and HT but were unaffected by 4 mg/kg amphetamine. 
A third that was stimulated by phenyl] diguanide and adrenaline was unaffected 
by 1 mg/kg amphetamine. 

Adrenaline. Intra-aortic injections of 20-60 yg/kg adrenaline yielded a dis- 
charge of impulses in four out of eight fibres after an injection-response time 
varying from 1-2 to 1:8 sec in three fibres and 3-2 sec in the fourth (Fig. 3, D 
and E). Where a comparison was possible, the injection-response times were 
identical with those following intra-aortic injection of phenyl diguanide there- 
by suggesting that the mechanism of stimulation of the receptors may be 
identical in both cases. The duration of the discharge varied from 1 to 14 sec, 
being clearly longer than that following phenyl diguanide or HT; the peak 
frequencies attained were also higher. The doses of adrenaline used were high 
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when compared to the small doses that are effective in producing a considerable 
rise in blood pressure. Often, obvious changes in the e.c.g. accompanied in- 
jection of adrenaline. Some receptors sensitive to phenyl diguanide were 
unaffected by adrenaline. 


Fig. 3. Impulses in a gastric stretch fibre. In A, B and C 1-3 ml. of 0-9% NaCl, 0-2 g/kg glucose, 
and 150 yug/kg nicotine respectively were injected into the aorta. D and E, which are con- 
tinuous, show the response of the fibre to intra-aortic injection of 60 ug/kg adrenaline. From 
above downwards in each record e.c.g. impulses in a fibre; time in ;'5 sec and injection signal. 
There is no signal in E. The injection-response times in B and D are identical. 


Four phenyl diguanide-sensitive receptors were stimulated by 25-40 yg/kg 
adrenaline injected into the superior vena cava (Fig. 4). Two receptors un- 
affected by phenyl diguanide were also unaffected by adrenaline (Table 1). 
In one fibre a discharge appeared 12-5 sec after the injection. This was believed 
to be secondary to other changes since the discharges following phenyl 
diguanide and HT appeared 3-5-3-8 sec after injection of these drugs into the 
superior vena cava. 
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In a few instances injection of adrenaline was followed by a low frequency 
persistent discharge some minutes later in receptors not active spontaneously. 
In others where spontaneous discharges were present to begin with, the 
activity was enhanced. These changes usually lasted for several minutes. No 
attempt was made to correlate these changes with any occurring in the smooth 
muscle of the stomach. They were particularly marked in one fibre described 
elsewhere (Paintal, 19545). 


Fig. 4. Response of a gastric stretch fibre (small spikes above base-line in B) to injection of 
30 »g/kg adrenaline into the superior vena cava. From above downwards e.c.g. impulses in 
vagal fibres; time in # sec and in A, injection signal. Adrenaline was injected at signal in A 
and the response appeared in B after 5-6 sec. A and B are continuous, Impulses with a 
cardiac rhythm are from atrial type B fibres. 


Glucose (Figs. 2, 3). The discharges following injections of glucose were 
seldom as dramatic as the responses to other drugs. In doses shown in Table 1, 
intra-aortic injections evoked positive responses in five out of ten receptors. 
The injection-response time varied from 1-3 to 3-8 sec, being usually identical 
with those following injections of other drugs. The duration of the discharge 
varied from 2 to 3 sec and the peak frequency in every case was below 20 sec 
(Fig. 3, B). 

As with other drugs, injection of glucose into the superior vena cava yielded 
a response in a smaller proportion of receptors—only two out of nine receptors 
giving a clear cut discharge. In one of these (fibre no. 25, Fig. 2, C), for no 
obvious reason, the injection-response time was 2-7 sec more than those 
following phenyl diguanide and HT. So far no case has been encountered 
where a receptor was insensitive to phenyl! diguanide but sensitive to glucose. 

In one fibre (fibre no. 15, Table 1), although an intra-aortic injection did not 
yield a response after the usual interval, a persistent discharge at about 
8 impulses/sec appeared about 1 min later and lasted for several minutes. This 
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fibre had previously shown no spontaneous activity and was insensitive to both 
adrenaline and nicotine. The discharge was not associated with any change in 
intragastric pressure. 


A significant observation was that repeated injections of glucose as a rule 
, did not produce responses as strong as that following the first injection. 
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Fig. 5. Graph of response of a gastric fibre unaffected by gastric distension to injection at arrow 
of phenyl diguanide into the aorta, ~@-@-, and superior vena cava, -O-O-. The 
responses are similar to those seen in gastric stretch fibres. The receptor was localized in the 
cardiac end of the stomach. 


TaBLE 2. Response to drugs of receptors unaffected by gastric distension 


ae wn BE 


Injection- Duration 
response 


time 


discharge Impulses/ Spontaneous Situation of 
(sec) discharge 


Drug (sec) sec receptors 
Phenyl diguanide Aorta 55 1-4 31 16 Groups ? 
Phenyl diguanide Aorta 55 13 0-9 35 Nil Stomach 
Phenyl diguanide Aorta 55 2-3 1-4 20 Single Stomach 

impulse 
Phenyl diguanide Aorta 60 1-9 1-6 20 Nil Intestine 
Phenyl diguanide Aorta 50 1-4 3-9 25 Nil Not attempted 
ayo ic i 
en -V.C. 

Nicotine S.V.C. 550 12 340 35 — —— 
Phenyl diguanide VC. 90 6 70 25 Single eer 
5 SVC. 20 5-2 3-1 20 impulses 
Phenyl diguanide S.V.C. 80 2-6 3-2 ? Nil Lungs 


8.V.C., superior vena cava. 


Responses of other gastric, intestinal and thoracic visceral receptors. In this 
investigation eight afferent fibres were encountered with phenyl diguanide- 


‘ensitive receptors, which were unaffected by rapid or slow maximal disten- 
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sion of the stomach. In five of them a discharge appeared within 1-4-2-3 sec 
after intra-aortic injection of 50-60 yg/kg phenyl diguanide, leaving no doubt 
that these receptors were located in the abdominal viscera. In the case of one 
of these receptors (fibre no. 5, Table 2) no attempts at digital localization were 
made. This was, however, stimulated by 11 yg/kg adrenaline and was un- 
affected by HT and glucose. Two were localized in the stomach—one of them, 
no. 2, accurately at the cardiac end of the stomach (Fig. 5). The other yielded 
inconsistent responses, and, therefore, could not be accurately localized. This 
fibre showed a spontaneous low frequency discharge at 1 to 2 impulses/sec. 
Several futile attempts were made to localize the receptors of fibre no. 1, 
Table 2. This fibre showed an interesting spontaneous discharge (Fig. 6) which 
occurred in groups of impulses lasting about 16 sec—the groups appearing 
regularly at about 3/min. The peak frequency of discharge in the groups was 
about 25 impulses/sec. 


8 16 24 32 40 


Fig. 6. Graph of spontaneous activity in a vagal fibre from an abdominal visceral receptor. The 
receptor was stimulated by intra-aortic injections of phenyl diguanide but could not be 
accurately localized. 


The receptor of fibre no. 4, Table 2, was unequivocally localized at the 
attachment of the mesentery to the jejunum. Distension of this part of the 
intestines failed to produce a discharge of impulses but light digital pressure 
was effective in doing so. This intestinal receptor was unaffected by an intra- 
aortic injection of 26 pg/kg HT. 

In fibre no. 7 a discharge of impulses appeared 6 sec after injection of 
90 yg/kg phenyl diguanide into the superior vena cava and 5-2 sec after 
20 ug/kg HT (Fig. 7); the receptor was situated in the intestines. This receptor 
was unaffected by intravenous injection of 45 ug/kg adrenaline and 0-55 mg/kg 
amphetamine. Spontaneous discharges in the form of bursts of impulses at 
about 8/sec, which were interspersed with a lower frequency of discharge were 
present. 

Fibres nos. 6 and 8 were believed to be of pulmonary origin. In these a dis- 
charge appeared 1-6 and 2:6 sec respectively after injecting phenyl diguanide 
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into the superior vena cava. This was an unusual observation since, for 
abdominal receptors the minimum injection-response time had been found to be 
3-5 sec in twenty observations with various drugs. It was, therefore, thought 
that these receptors were located in the lungs. Fibre no. 6 (Fig. 8) also yielded 
a discharge 1-2 sec after injecting 0-55 mg/kg nicotine into the superior vena 
cava but none after injecting glucose, 1 g/kg; adrenaline, 55 pg/kg; and 
amphetamine 0-55 mg/kg. The other (no. 8) was unaffected by glucose 1 g/kg, 
and adrenaline 40 pg/kg. The effect of nicotine was not tried on this one. It 


Fig. 7. Impulses in a fibre from the intestines. A and B (continuous records) show the response 
to injection of 90 ~g/kg phenyl diguanide into the superior vena cava; injection response 
time is 6 sec. C and D (continuous records) show the response to 20 ug/kg, 5-hydroxytrypta- 
mine injection. Response time is 5-2 sec. Compare the injection-response times with those 
seen in the pulmonary fibre obtained in the same cat in Fig. 8. From above downwards 
e.¢.g.; impulses in fibres; time in #5 sec; and in A and C, injection signal. 


was confirmed that the small injection-response times were genuine and not 
due to a faulty injection signal. In both experiments abdominal visceral 
afferent fibres were encountered and in these there was the usual injection 
response time of 6 sec thus lending strong support to the view that the 
receptors mentioned above were located in the lungs. Further experiments 
(to be published) have confirmed the existence of such receptors. 
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Pulmonary stretch fibres. Phenyl diguanide, HT (in doses of 17-44 pg/kg), 
glucose, adrenaline, nicotine and lobeline, did not affect the activity in dif- 
ferent experiments of five, three, three, four, one and one pulmonary stretch 
fibres respectively, thus confirming some of the conclusions of earlier work 
(Mott & Paintal, 1953; Paintal, 1953). 


Fig. 8. Impulses in fibres from phenyl diguanide-sensitive receptors presumably in the lungs. 
In A, 1 g/kg glucose was injected into the superior vena cava. There is no response. In B a 
response appeared 1-6 sec after the injection of 90 ug/kg phenyl diguanide into the superior 
vena cava. In C a response appeared 1-2 sec after injecting 0-55 mg/kg nicotine. Compare 
these injection-response times with those seen in Fig. 7 which are records of response in an 
intestinal fibre from the same cat. 


DISCUSSION 


The results of these experiments show that there are several different types of 
vagal visceral receptors that are stimulated by one or more drugs such as 
phenyl! diguanide, HT, nicotine, adrenaline. The existence of intestinal vagal 
receptors has been shown unequivocally. None of the four types of receptors, 
i.e. gastric stretch receptors, gastric receptors unaffected by distension of the 
stomach, intestinal and thoracic receptors, showed any specificity towards any 
of the drugs studied, and it is highly probable that other drugs of the guanidine 
and isothiourea groups would also stimulate them. The fact that any one drug 
can stimulate several functionally different receptors emphasizes the need for 
interpreting cautiously the reflex effects produced by drugs. 

Although the conduction velocities of intestinal and thoracic afferent fibres 
with phenyl diguanide-sensitive receptors have not been determined, it is 
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believed that like gastric stretch afferent fibres, they belong to the 2-14 m/sec 
group. This means that it would not be possible by cooling the vagus to a 
suitable temperature to block one type of fibre with pheny] diguanide-sensitive 
receptors and not the others. 

The blood glucose concentrations, at which the receptors were stimulated 
following injection of glucose, must have been abnormally high. Even with 
these, the responses were of low intensity and so it seems unlikely that gastric 
stretch receptors will respond to the comparatively small changes in blood 
sugar levels found normally. The pulmonary phenyl diguanide-sensitive 
receptors must be surely concerned in the reflex effects produced by phenyl 
diguanide (Dawes et al. 1951). Like most other phenyl diguanide-sensitive 
receptors at least some of those in the thorax are also apparently normally 
inactive. As in the case of intestinal receptors and gastric receptors unaffected 
by distension of the stomach their normal functions remain to be determined. 

The fact, that nicotine and lobeline stimulate gastric stretch receptors, has 
created the necessity of distinguishing the chemoreceptors from the former, 
when studying the impulses in vagal fibres. Both types of fibres may show 
low-frequency irregular spontaneous discharges, but the gastric stretch 
receptors are not affected by anoxia and the chemoreceptors are not likely to 
be affected by gastric distension so that differentiation of one from the other 
need not present a serious problem. 

If the results obtained in cats are applicable to man then amphetamine does 
not inhibit hunger by stimulating the gastric afferent mechanism as the drug 
does not stimulate the gastric stretch receptors. Harris, Ivy & Searle (1947) 
believe that the action of the drug is a central one. 

It would appear that these receptors are primarily sensitive to the drugs and 
that their stimulation is not secondary to contraction or relaxation of the 
smooth muscles. This is supported by the fact that both HT and adrenaline, 
which respectively stimulate (Rapport, Green & Page, 1948; Gaddum, 1953) 
and inhibit smooth muscle, stimulate the receptors. Further, pouring phenyl 
diguanide over the surface of the stomach or on the mucous membrane over 
a prolonged period does not stimulate the receptors. If stimulation had been 
secondary to smooth muscle changes, this procedure should have been 
effective in rousing the receptors. Douglas & Gray (1953) and Diamond (1953) 
reached a similar conclusion regarding the cutaneous and carotid baroreceptors 
respectively. Unlike these investigators no attempts were made here to study 
the responses of the receptors following the injection of acetylcholine, hexa- 
methonium, or p-tubocurarine, since the main purpose was to study the 
possible role of various drugs in producing visceral reflexes. The mechanism of 
stimulation of these receptors by drugs is being studied in a further in- 
vestigation. 

There is no doubt that some gastric stretch receptors are not affected by any 
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of the drugs mentioned, but it is not possible to say whether these receptors 
are actually insensitive to the drugs or whether they fail to respond due to 
some other reason, e.g. the drugs not reaching the receptors owing to local 
vasoconstriction. 

It has been shown that HT, when injected intravenously, does not stimulate 
pulmonary stretch receptors (Mott & Paintal, 1953) and having confirmed this 
fact in this investigation, we must consider the conclusion of Schneider & 
Yonkman (1953) to the contrary. In both the fibres illustrated by them 
(Figs. 6, 7), the enhanced activity appeared at least 9 sec following injection 
of HT, by which time the reflex effects had already set in, thus implying that 
the receptors responsible for these reflex effects had been stimulated long before. 
If, similarly, the pulmonary stretch receptors had been stimulated primarily, 
the increased activity should have appeared before 9 sec. Further, as positive 
pressure ventilation was used by these authors while recording the impulses, 
it is significant that no respiratory fluctuations in the frequency of discharge 
during periods of enhanced activity are visible in their records. This is strongly 
suggestive of blockage of the bronchioles connected with the receptors con- 
cerned which could be caused by a plug of mucous or broncho-constriction. 
This is not surprising as HT is a strong broncho-constrictor both directly and 
reflexly (Comroe, Lingen, Stroud & Roncoroni, 1953). It is, therefore, likely 
that the increased activity observed by them was due to secondary factors and 
not due to a direct action of HT on the receptors. 


SUMMARY 


1, Drugs were injected into the abdominal aorta and superior vena cava of 
anaesthetized cats and action potentials recorded from gastric stretch afferent 
fibres in the right vagus nerve. ef 

2. Gastric stretch receptors were found to be stimulated by phenyl diguanide, 
5-hydroxytryptamine, nicotine, lobeline, adrenaline and glucose. This was a 
primary stimulation and not secondary to smooth muscle changes. They were 
not stimulated by pL-amphetamine. 

3. Phenyl diguanide-sensitive receptors unaffected by gastric distension 
were found in the stomach. 

4. Receptors in the intestines sensitive to phenyl diguanide in addition to 
other drugs were observed; their normal function is not known. 

5. Evidence was obtained of the existence of pulmonary pheny] diguanide- 
sensitive receptors whose normal functions are not known. 

6. The injection-response time was found to be useful in determining the 
location of receptors. For abdominal receptors the minimum injection- 
response time following injection of drugs into the superior vena cava was 
found to be 3-5 sec. 
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7. It was confirmed that 5-hydroxytryptamine in doses of 17 44 pg/kg did 
not stimulate pulmonary stretch receptors. 

8. Cautious interpretation of reflex effects of drugs is emphasized since 
several types of visceral receptors are affected by drugs. 


This paper is published with the permission of the Director of Technical Development and Master 
General of Ordnance, Army Headquarters, New Delhi. My thanks are due to Dr Joan C. Mott for 
the supply of phenyl diguanide, to Messrs Abbot Laboratories, Chicago, for a supply of 5-hydroxy- 
tryptamine and Messrs British Drug Houses, Poole, Dorset, for the generous supply of pL- 
amphetamine. 

I am grateful to Prof. D. Whitteridge for many helpful criticisms. 
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HISTAMINE CONTENT OF HUMAN SKIN IN DIFFERENT 
CLINICAL DISORDERS 


By W. FELDBERG anp A. A. LOESER* 
From the National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 1 May 1954) 


Little is known about the part histamine plays in different non-allergic dis- 
orders, although there are some observations on animals suggesting a correla- 
tion between tissue histamine and thyroid activity (Goltz & Dragstedt, 1940; 
Hoffmann & Hoffmann, 1944). Further, one of us observed that in hyper- 
thyroid women there is a lower incidence of malignant growth of the breast 
than among the average female population, and discussed the possibility of 
a relationship between tendency to malignant growth and histamine content 
of the tissues (Loeser, 1953, 1954a, 5). 

So far Harris (1927) seems to be the only author who has made a more 
detailed determination of the histamine equivalent of extracts prepared from 
human skin by assaying their depressor action on the cat’s arterial blood 
pressure against histamine. The histamine equivalent of skin samples taken 
from nine breasts was found to be between 5-7 and 7-6, and from three thighs 
between 8 and 8-8 ug/g. The number of his cases was rather small and in our 
greater number of patients more individual variation in the histamine equiva- 
lent of skin was found than was to be expected from his results. 


METHODS 
The skin was removed during operations or excised under local anaesthesia and transported, 
straight after removal, from the operating theatre to the laboratory, where it was freed from 
loose subcutaneous tissue and fat, weighed, and minced in a mortar with a little sand and acidified 
(HCl) 0-9% NaCl solution. The samples weighed between 30 and 300 mg. The minced extracts 
were boiled for a minute, filtered, neutralized with NaOH, and assayed against histamine on the 
atropinized guinea-pig’s ileum preparation. All histamine values refer to the base. The time 
between removal of the skin and extraction was usually less than 1 hr. Sometimes the skin of the 
same patient was re-examined after special treatment. 


RESULTS 
Table 1 summarizes the results obtained, in the course of 40 months, from 


forty-nine patients, arranged in ascending order of histamine values which 


vary between 1-8 and 26-7 g/g (mean 8-8 yg/g). All skin samples except two 
were from women. 


* Consultant gynaecologist to St Saviours Hospital, London, N.W. 1. 
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Tasxe 1. Histamine equivalents of human skin in ug/g tissue from abdomen (A), breast (B) and 
neck (N), All values except those of Nos. 12 and 45 from women. 


No. Age Site 
2 3 A 
3.6 
4 2 A 
6 41 A 
8 21 A 
9 3 A 

10 3830 A 

12 54 A 

13 45 B 

14 57 B 

15 30 A 

16 45 A 

17 53 A 

18 51 A 

19 41 A 

2 60 

21 

2 #4. A 

233 

2 44 +A 

2 

3. a 

28 42 B 

29 73 A 

47 A 

31 45 A 

32 29 A 

33 

«40 A 

35 42 A 

366 

37 56 B 

380 

396 

40 B 

41 42 N 

42 57 B 

43 48 A 

4 3 A 

45 . 40 N 

464 oN 

47 A 

48 40 N 

49 44 A 


19 


Pa 


113 


Case history 
Advanced mammary carcinoma; metastases in pelvis; X- 
treatment of 
Acute hypothyroidism 
Hypothyroidism ; infantilism of genitals 
Hypothyroidism ; inflammatory ovarian cyst 
Obesity ; inflammatory ovarian cyst 
Beginning menopause; obesity; hypothyroidism 
End of pregnancy 
Infantilism ; appendicitis 
Hypothyroidism ; obesity; fibroids of uterus 
End of pregnancy 
advanced mammary carcinoma with metastases 
van 


Inflammatory ovarian cyst 

Fibroids of uterus 

Menopause 

Inoperable cancer of ovary 

Allergic rhinitis 

Shrinking fibroids of uterus 

End of twin pregnancy 

Advanced cancer of ovary; liver metastases 

Early mammary carcinoma; ovarian cyst; thyroidectomy 2 years 


of pregnancy 

Obesity ; fibroids of uterus 

Fibroids of uterus; h yroidism treated for 20 years, but not 
during the last 4 weeks, with dry thyroid 

Benign cysts of breast 

Ovarian cyst 

Fibroids of uterus 

Advanced cancer of uterus; obesity 

Fibroids of uterus 

Menopause 

End of pregnancy ; 

auth set of the ovary treated with dry thyroid 

Menopause; allergic patient 

Advanced mammary carcinoma with liver metastases ; treated with 
dry thyroid 

Menopause 

Thyrotoxicosis 


11-5 
11-0; 13-0 Advanced mammary carcinoma; treated with large doses of dry 


thyroid 
Thyrotoxicosis 
Hyperthyroidism ; cerous hyperkeratosis 
Menopause; treated with dry thyroid é 
Fibroids of uterus; i after partial thyroidectomy 
Thyrotoxicosis 
Thyrotoxicosis 
Hyperthyroidism ; ovarian cyst 
Thyrotoxicosis 
Allergic eczema and migraine; treated with injections of own blood 


PHYSIO. CXXVI 


Histamine 
(e/g) 
1:8 
2-5 
3-6 
3-6 
4-0 
4-0 
4-2 
4:3 | 
4-7 
5-0 
5-2 
L- 5-3 
. 6-0 Early mammary carcinoma 
F 6-0 Advanced mammary carcinoma with skin metastases; thyrotoxi- | 
- cosis treated with sodium thiouracil 
3 
it 6-2 
6-3 
6-5 
it | 
2 
d 
n 
8 
r 
8-8 
9-2 
9-5 
10-0 
10-5 
10-6 
10-8 
11-0 
|| 
12-7 y 
13-6 
13-8 
13-9 
15-0 
15-0 
17-4 
h 17-6 
26-7 


288 W. FELDBERG AND A. A. LOESER 


Skin region. Thirty-seven samples were obtained from the abdomen, seven 
from the breast and five from the neck. The histamine values of the abdominal 
skin varied from between 1-8 and 26-7 (mean 8-0 yg/g) or, if the abnormally 
high single value of sample no, 49 is not included, between 1-8 and 17-4 (mean 
7-5 ug/g). This mean value is a little lower than the mean value for the hista- 
mine content of skin from the breasts. The values from the seven breast skin 
samples varied between 5:2 and 13-6, and the mean value was 9-0 ng/g. From 
these figures we cannot conclude with certainty that the histamine content of 
the skin of the breasts is higher than that of the abdomen, because only seven 
estimations were made, and those were from persons with different diseases 
and treatment and the individual variations were great. It would be necessary, 
in order to obtain a decisive answer, either greatly to increase the number of 
extractions or, even better, to determine the histamine content of skin from 
both regions in the same patient. 

The skin from the neck certainly yielded higher histamine values on the 
average than that from the abdomen or breasts. The skin samples from the 
neck were obtained in all cases from patients operated on for thyrotoxicosis. 
Since increased thyroid activity apparently increases the histamine content of 
skin, as will be shown later (see p. 289), it is not possible to be certain whether 
these high values are solely the result of the endocrine disturbance or reflect 
a normal, high histamine content of the skin of the neck as well. This 
possibility cannot be excluded, because regional variations in skin histamine 
have been found in various animal species (Feldberg & Miles, 1952; Smith, 
1953). 

Age. It is difficult to draw conclusions from our results about the effect of 
age on the histamine content of skin, because some age groups are not repre- 
sented and others by only a few samples. No children are included, the 
youngest patient being 21 years old. Taking into consideration the forty-four 
samples from the abdomen and the breasts and omitting those from the neck, 
only six were from patients between 20 and 30 and only two from patients 
over 60 years. The mean values for these two age groups were 5-2 and 7-9 g/g 
respectively. The mean value of the thirty-six samples from patients between 
31 and 60 years was 8-7 g/g. 

Pregnancy. Table 1 includes the histamine content of abdominal skin 
obtained during Caesarian operations at the end of five pregnancies. One skin 
(no. 34) was from a hyperthyroid patient; the mean histamine value from the 
other four samples was 6-1 ug/g, which is below the mean histamine content. 
However, one sample was from a patient aged 30 and the mean value of skin 
samples of this age group is lower. From the few results obtained, it is only 
possible to say that pregnancy certainly does not cause a profound change in 
the histamine content of skin; there is either no effect, or pregnancy is associ- 
ated with a somewhat subnormal value. 
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Disorders of the thyrod. Our results suggest a correlation between thyroid 
function and histamine content of the skin. Of the nine cases in Table 1 with 
a histamine content under 5 g/g, five were from patients with hypothyroidism. 
On the other hand, of the sixteen cases with values over 10-0 g/g, nine were 
from patients with hyperthyroidism or thyrotoxicosis, and another four from 
patients treated either with large doses of thyroid hormone for a few weeks or 


TasLE 2. Histamine content of skin from twenty-two patients with 
disorders of the thyroid or thyroid treatment 


case Age Site (ug/g) Thyroid disorder or thyroid treatment 
2-5 Acute hypothyroidism 
4 2 A 3-6 Hypothyroidism 
6 864i A 40 Hypothyroidism 
9 A 4-7 Hypothyroidism 
5-2 Hypothyroidism 
14 B 6-0 Thyrotoxicosis treated with 
23 42 A 77 Thyroidectomy 2 years 
not for last 4 weeks 
10-5 Hyperthyroidism 
35 42 A 10-6 Treated with dry th 
37 —566:t“‘<i«*@W‘“# 11-0 Treated with dry thyroid for mammary cancer 
11-5 Thyrotoxicosis 
13-0 cancer 
414 42 WN 12-7 Thyrotoxicosis 
42 B 13-6 Hyperthyroidism 
13-8 Treated with dry thyroid 
13-9 Hyperthyroidism after partial thyroidectomy 
45 4 oN 150 Thyrotoxicosis ; 
46 4 #oN 15-0 Thyrotoxicosis 
47 32 A 17-4 Hyperthyroidism 
488 40 oN 17-6 Thyrotoxicosis 


with small doses over years. It is true that five of the high histamine values 
were obtained in skin samples from the necks of thyrotoxic patients, but even 
if these are excluded there remains a striking incidence of high histamine 
values with hyperthyroidism and thyroid treatment, namely eight out of 
eleven cases. In Table 2 are listed all skin samples (22) from the patients of 
Table 1 who had thyroid disturbances or treatment with thyroid in their case 
histories. 

Further evidence that thyroid activity increases the histamine content of 
skin was obtained in those few cases in whom it was possible to examine a 
second skin sample 3-5 weeks after oral administration of a total of between 
3 and 14 g of dried thyroid gland. The results of six such cases are given in 
Table 3. In two there was no change, or practically none, in the histamine 
content of the skin, but in four the histamine content was increased between 
38 and 133%. The mean increase of all six cases was 60%. No. 27 was a hypo- 


thyroid patient treated for 20 years with thyroid but not during the month 
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preceding the first removal of the skin. The second sample was obtained after 
thyroid treatment had again been going on for over 4 weeks. 

Tumours. There is no indication that benign tumours such as uterine fibroids 
are associated with changes in skin histamine. Table 1 contains eight cases 
with fibroids of the uterus. One (no. 44) was a hyperthyroid patient with a 
histamine equivalent of 13-9 g/g skin; in the other seven cases (nos. 9, 16, 20, 
26, 27, 30 and 32) the histamine values of skin varied between 4-7 and 9-5 ug/g 
(mean 7-5 ug/g). 


Tas_e 3. Effect of oral administration of large doses of dried thyroid 


on histamine content of skin 
Histamine in pg/g 
No. of Before thyroid After thyroid —_ Increase 

case administration administration (%) 
1 1-8 4-2 133 

3 3-6 8-0 122 

9 4-7 5-0 6 
22 75 75 0 
27 8-4 11-6 38 
33 10-0 15-8 58 


There is some suggestion that malignant growth is associated with a sub- 
normal histamine content of skin. Table 1 contains thirteen cases of malignant 
tumours, three of which were from patients treated with large doses of thyroid 
gland; one was a hyperthyroid woman. In these the histamine content of the 
skin was over 10 ywg/g (nos. 35, 37, 40 and 42). In the nine other cases (nos. 1, 
11, 12, 13, 14, 18, 22, 23 and 31) the histamine content of the skin varied be- 
tween 1-8 and 9-2 ug/g (mean 6-1 ug/g). 

Deep X-ray treatment seems greatly and permanently to reduce the histamine 
content of the exposed skin. The lowest histamine value (case no. 1) was from 
a skin region previously exposed to deep X-ray treatment. Further, from the 
hyperthyroid patient no. 42 with a histamine value of 13-6 yg/g, a second 
sample of skin was excised at the time from a region exposed several years ago 
to radium treatment. This sample yielded a histamine equivalent of 2-5 g/g. 


DISCUSSION 
Our results show that the histamine content of human skin shows wide in- 
dividual variations which make it difficult to detect small changes if, as in the 
present experiments, the number of skin samples available for comparison is 
not great. Nevertheless, certain conclusions can be drawn. The histamine 
content of the skin at the end of pregnancy is either normal or somewhat 
subnormal. At this time the histaminase content of the blood, however, is 
greatly increased (Marcou, Athanasiu-Vergu, Chiriceanu, Cosma, Gingold & 
Parhon, 1938; Werle & Effkemann, 1940; Zeller & Birkhauser, 1940; Ahlmark, 
1944; Swanberg, 1950). As far as our results show, there is no change in the 
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skin histamine content of patients with benign tumours, but there are some 
indications that patients with malignant growth, if they are not hyperthyroid 
or treated with large doses of thyroid, have a somewhat lower histamine con- 
tent in their skin than normal people. However, more cases must be examined 
to be certain about this finding. If it should prove to be true that malignant 
growth is generally associated with a subnormal histamine content of skin, the 
question would be whether this is an effect of the malignancy, especially as the 
low histamine content was found mostly in more advanced cancer cases, or 
whether low skin histamine favours the occurrence of malignant growth. 

The finding that thyroid activity apparently increases the histamine content 
of the human skin is in agreement with observations obtained in animals. 
Goltz & Dragstedt (1940) found that, in rats, the normal mean histamine 
content of skin (region not stated) was 11-5, and increased to 21-2 wg/g in 
hyperthyroidism produced by subcutaneous injections of thyroid hormone and 
decreased to 6-4 ug/g after thyroidectomy. There was some indication of 
similar changes in the histamine content of liver and lung, but the great 
individual variations in histamine content of these tissues made it impossible 
to make certain conclusions. Hoffmann & Hoffmann (1944) also found that, 
in rats in which hyperthyroidism was produced, the histamine content of the 
stomach wall and skeletal muscle was increased. It thus appears that the 
histamine content of at least some tissues is influenced by the thyroid and 
increases with hyper- and decreases with hypo-activity of the thyroid. 

Recently it has been shown that there is a positive correlation between mast 
cell population of a tissue and its histamine content (Riley & West, 1953; 
Graham, Lowry, Wahl & Priebat, 1953; Riley, 1954), although not all hista- 
mine is assumed to reside in these cells. We do not know to what extent the 
changes produced by the thyroid hormone reflect changes in the mast cell 
population of the tissues examined. 


SUMMARY 


1. The histamine content of human skin samples from forty-nine patients 
was examined. The skin was taken from the abdomen (thirty-seven samples), 
breast (seven samples), and neck (five samples). The histamine equivalent 
varied between 1-8 and 26-7 (mean 8-8 g/g). 

2. The histamine content of the skin at the end of pregnancy is either 
normal or somewhat reduced. 

3. Hyperthyroidism and administration of thyroid hormone seem to in- 
crease, hypothyroidism to decrease the histamine content of the skin. 

4. Benign growth (fibroids) does not influence the histamine content of 
skin, but there is an indication that advanced malignant growth of the breast 
is often associated with a subnormal histamine content of skin. 
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5. Deep X-ray or radium treatment seems greatly and permanently to 
reduce the histamine content of the exposed skin. 


We should like to make grateful acknowledgement to Mr J. Piercey, Thyroid Unit, New End 
Hospital, Hampstead, for providing us with skin samples from patients with thyroid disorders. 
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Large diameter efferent nerve fibres to skeletal muscle in the cat and frog are 
concerned with a similar function, namely the excitation of muscle fibres which 
produce rapid tension development. Such a ‘twitch’ system, which appears to 
be the only mechanism for the production of tension in mammalian limb 
muscles, does not normally operate on a graded basis at the unit level. Each 
muscle fibre contracts in an all-or-none fashion. The sequence of events in 
excitation is the following: the motor nerve impulse evokes a local potential 
change at the nerve muscle junction, the end-plate potential, which does not 
activate the contractile mechanism itself but initiates a propagated muscle 
impulse. The latter spreads by conduction over the length of the fibre and 
causes, in a manner yet unknown, activation of the contractile mechanism. 
Each large motor nerve fibre and the muscle fibres it innervates comprise 
a motor unit. There seems, at first sight, little merit in the innervation of 
‘twitch’ muscle fibres by more than one motor nerve terminal, for a muscle 
impulse initiated at.one site would spread by conduction to excite the whole 
fibre. However, studies have shown that muscle fibres in the frog’s sartorius 
are innervated in two major zones and most of the fibres receive motor endings 
at at least two regions along their length (Katz & Kuffler, 1941). In this case 
a multiply-innervated muscle fibre may derive its several end-plates from the 
same motor nerve fibre. The possibility also exists that a muscle fibre may 
receive end-plates from more than one nerve fibre, i.e. polyneuronal innerva- 
tion. Indeed, this is suggested by certain studies on plurisegmental innerva- 
tion in mammals (Agduhr, 1919) and in the frog (Cattell, 1928) in which, 
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judging from histological studies and tension responses, some muscle fibres 
may be activated by nerve fibres emerging in different ventral roots. Recently, 
Jarcho, Eyzaguirre, Berman & Lilienthal (1952) concluded that some muscle 
fibres of the gracilis muscle in the rat were multiply innervated. 

In contrast to the physiological evidence mentioned above, most histological 
studies have failed to demonstrate polyneuronal innervation of muscle fibres 
(see reviews of Hinsey, 1934 and Tiegs, 1953). The difficulties of viewing the 
entire length of muscle fibres make this negative evidence inconclusive. The 
case for plurisegmental innervation based on tension measurement has also been 
questioned (Fulton, 1926). 

Multiple motor innervation of other types of muscle, not under consideration 
in this study, has been clearly demonstrated. For example, the ‘slow’ skeletal 
muscle fibres in the frog, which possess properties distinct from the ‘twitch’ 
fibres and are innervated by small diameter efferent fibres, give evidence of 
extensive polyneuronal innervation (Kuffler & Vaughan Williams, 1953). 
Here the multiple endings are of obvious utility since the muscle fibres con- 
cerned show only local non-propagated contractions about the nerve endings. 
Variation in number of nerve endings activated along the length of an indivi- 
dual muscle fibre results in gradation of contraction. A similar multiple in- 
nervation and physiological use of local contraction occurs in crustacean 


muscle (van Harreveld, 1939; Wiersma, 1941; Fatt & Katz, 1953). Another . 


example of multiple innervation may be found in the mammalian muscle 
spindle where more than one efferent nerve fibre of small diameter may 
terminate on the same intrafusal muscle fibre (Barker, 1948; Hunt & Kuffler, 
1951). 

The present study re-examines the question of multiple innervation in 
‘twitch’ muscle fibres in the cat and frog. It will be shown that muscle fibres 
of this type, in both species, frequently receive multiple motor endings derived 
from one or several nerve fibres. The functional significance of multiple 
innervation in ‘twitch’ systems will be discussed. 


METHOD 

The muscles studied in the cat were soleus, gastrocnemius, flexor digitorum longus and cricothy- 
roideus. In the case of limb muscles the leg was fixed by steel pins to a rigid base which also 
afforded support for a movable strain gauge (Statham). The signal from the latter, after suitable 
DC amplification, was displayed on a cathode-ray tube. Roots and muscle nerves were freed for 
stimulation and kept under pools of paraffin oil maintained at 37-39° C. Tension was recorded in 
a rigidly isometric system, initial tensions being selected which gave optimal tension responses on 
nerve stimulation. 

Tension in frog muscles was recorded by a myograph employing a transducer tube (R.C.A. 5734). 
In the frog the sartorius, adductor longus and iliofibularis were studied. 

Intracellular potentials from individual muscle fibres were recorded by glass microelectrodes 
scribed by Nastuk & Hodgkin (1950). 
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RESULTS 
Multiple motor innervation in the cat 

Tension overlap. When two portions of the ventral root outflow to a muscle 
are stimulated separately the sum of the tensions developed in the separate 
contractions may be considerably in excess of the tension produced when both 
portions are stimulated simultaneously. Such tension overlap may be demon- 
strated most readily in a preparation in which the ventral root’outflow is 
divided approximately equally between two adjacent roots. Fig. 1 illustrates 
such tension overlap in the flexor digitorum longus. A single stimulus to 
root a evoked a tension response of 232 g while stimulation of root 6 caused 
a twitch of 312g. Thus, the sum of the separate contractions was 544 g. 
However, when the two roots were stimulated simultaneously (a+5) the 
tension developed was only 352 g. The deficit of 192 g could be explained if a 
certain proportion of the muscle fibres received innervation from both roots. 


a+b 
b 
d+e 
a+b 
vo 

Fig. 1 Fig. 2 


Fig. 1. Isometric twitch tension responses of flexor digitorum longus (cat) to stimulation of two 
ventral roots, a and 6, separately and together. Time to peak tension, 20 msec. 

Fig. 2. Isometric twitch tension responses of soleus (cat) to stimulation of five subdivisions (a to e) 
of a ventral root. Note tension overlap in a+ but not in a+c and d+e. Time to peak 
tension, 40 msec. 

In some preparations most of the motor fibres to a muscle may emerge in 
one ventral root. Tension overlap may still be demonstrated in these circum- 
stances as is shown in Fig. 2, taken from an experiment on soleus. The root 
was separated into five subdivisions (a to e) which could be stimulated alone 
or in various combinations. Subdivisions a and 6 revealed considerable tension 
overlap while certain other pairs showed none (a and c, d and e). Again, the 
most likely explanation is that a and 6 contained nerve fibres which innervated 
some muscle fibres in common while the other combinations did not. 

The extent of tension overlap varied in different preparations depending in 
part on the particular distribution of nerve fibres to the muscle in different 
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roots. Table 1 summarizes the results on soleus and flexor digitorum longus. 
Overlap has been estimated in the following manner: twitch tensions following 
separate stimulation of two roots, a and b, were determined. Subsequently the 
tension developed by a stimulus to both roots simultaneously (a 6 together) 
was measured. When the root giving the smaller tension (a) was stimulated, 
together with root 6, a sometimes failed to add the amount of tension it 
produced alone. This deficit, expressed as a percentage of the tension developed 
by a alone, provides a measure of overlap in muscle fibres innervated by a. By 
this measure overlap as great as 60-90% was often observed. It will be shown 
below that overlap of this magnitude does not result from a lack of tension 
addition due to mechanical factors but indicates that a large proportion of 
muscle fibres receive polyneuronal innervation. 


TaBLE 1. Tension overlap on ventral root stimulation (cat) 


% of fibres in- 
Twitch tension (g) nervated 
cr A ~ root @ whi 

Rootsab are overla 

Muscle Root a Root 6 together by root 
Soleus 70 190 220 57 
70 210 300 — 

105 410 450 

67 121 147 61 
60 78 54 
43 52 77 42 
95 105 185 16 
6 54 55 — 
13 100 110 — 
58 70 66 
62 83 102 69 
0 95 _ 
1 76 — 
Flex. dig. 232 312 352 82 
longus 230 310 335 89 
165 270 325 67 
250 300 360 76 


In the past, tension overlap has been attributed by some authors to the 
following mechanical factors: (i) shortening of one portion of a muscle causes 
a reduction of the tension produced by the remainder, or (ii) the angle at which 
two muscle fractions are inserted into a common tendon prevents the full 
development of tension during combined excitation of the two portions. The 
extent to which such mechanical factors enter into the production of tension 
overlap in the present experiments was tested in the following manner: 
electrodes were fitted to the separate nerves to the two heads of the gastroc- 


nemius and tension was recorded in the common tendon with a minimum of _ 


external shortening. Twitch tensions were recorded following stimulation of 
the nerves to the two heads separately and then together. Since muscle fibres 
of one head are inserted into the tendon at a different angle from those of the 
other head, and since the efferent innervation to the two heads is completely 
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separate, this experiment should display to a maximal extent the overlap 
which may result from mechanical cause. Fig. 3 shows that no appreciable 
overlap need occur in these circumstances (see also Fig. 2, a+c,d+e). The sum 
of the tensions produced by the two heads in separate contraction was equal 
to the tension developed by simultaneous contraction of the whole muscle. The 
results of studies on tension overlap in a muscle when two separate roots are 
stimulated provide adequate evidence for polyneuronal innervation. Corro- 
borative evidence obtained by other methods will be presented below. 


a+b 


2kg — 


IT 


Fig. 3 Fig. 4 

Fig. 3. Isometric twitch tension responses of triceps surae (cat). a: stimulation of medial 
gastrocnemius nerve; 6: stimulation of lateral gastrocnemius and soleus nerve; a +6 simul- 
taneous stimulation of both nerves. Note practically complete summation of twitch tensions. 
Inclusion of slower soleus delays twitch peak in b. Time, 10 msec. 

Fig. 4. Intracellular recording in an individual muscle fibre of cricothyroideus (cat). Separate 
stimulations of nerve supply from superior laryngeal nerve (A) and from pharyngeal plexus 
(B) set up impulses in the same muscle fibre. Resting potential about 80 mV, total action 
potential 110 mV. Time, 1000 c/s. 


Intracellular recording. Polyneuronal innervation could be clearly shown in 
single muscle fibres of cricothyroideus. This muscle receives motor innervation 
from two distinct nerves, arising from the superior laryngeal nerve and from 
the pharyngeal plexus. After impalement of a single muscle fibre the two 
nerve supplies were stimulated in succession. The majority of muscle fibres 
examined showed a propagated response following a volley in each nerve. 
Fig. 4 displays responses of a representative fibre to stimulation of first one 
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and then the other of the two nerves. This provides conclusive evidence of 
polyneuronal innervation. 

The end-plates from separate axons appear to lie in close proximity on the 
muscle fibres of cricothyroideus as shown by the following experiments. When 
external leads were used for recording from the curarized muscle, two stimuli 
to the combined nerve supply at appropriate intervals caused the well-known 
facilitation of the second response (Bremer, 1927). This facilitation is known 
to be due to summation of end-plate potentials (Eccles, Katz & Kufiler, 1941), 
the second stimulus firing those muscle fibres already subject to subthreshold 
depolarization by the first. A similar facilitation was observed with stimula- 
tion to the separate nerve branches, i.e. first one and several msec later the 
other of the two nerves to cricothyroideus were excited. Many end-plates from 
the two nerve branches must therefore lie in close proximity to effect spatial 
and temporal summation of end-plate potentials. 


Multiple motor innervation in the frog 

Tension overlap. Tension overlap may be easily demonstrated in twitch 
fibres of the sartorius. The nerve to this parallel-fibred muscle usually divides, 
several mm before entering the muscle, into a pelvic and tibial branch. These 
branches can be cut and placed on electrodes for stimulation together or 
separately. In the experiment illustrated by Fig. 5 stimulation of the tibial 
branch (a) caused a twitch tension of 10-4 g while excitation of the pelvic 
branch (6) produced 12-2 g. Usually the ratio of tensions is more in favour of 
the pelvic branch. When both branches were excited together (a+6) the 
resultant twitch tension was 12-75 g., i.e. only 5% greater than after stimula- 
tion of the pelvic branch alone. In accord with the previous demonstration of 
potential ‘occlusion’ in frog sartorius (Katz & Kuffler, 1941), the observed 
tension overlap indicates that practically all the muscle fibres innervated by 
the smaller tibial branch are also innervated by the pelvic nerve branch. Such 
multiple innervation could result from innervation of individual muscle fibres 
by branches of the same axons. However, tension overlap in sartorius was also 
observed with stimulation, separately and together, of ventral roots 8 and 
9 indicating, as in the cat, that polyneuronal innervation is an important factor 
(see also Cattell, 1928). 

The nerve supply to adductor longus can also be separated into a pelvic and 
tibial portion but the conditions of branching make this a more difficult pro- 
cedure than in sartorius. As judged by tension overlap, the pelvic nerve 
branch has been found, on occasion, to innervate virtually all the fibres in the 
muscle, including those also innervated by the tibial branch. Stimulation of 
the latter branch may produce a twitch which is 50-80% of that developed 
following excitation of the entire nerve supply. 

In the iliofibularis about a third to a half of the twitch muscle fibres, 
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principally those located near the site of nerve entry, are supplied by ventral 
root 10 while VR 9 may innervate nearly all the twitch fibres in the muscle. 
As a consequence VR 10 frequently adds little tension when stimulated toge- 
ther with the larger outflow from VR 9. This overlap is illustrated in Fig. 6 and 
is exclusively due to polyneuronal innervation. 


a+b 


VR9+10 


ese ee: 


Fig. 6 

Fig. 5. Tension records from sartorius (frog) at an initial tension of 2 g at 26° C. Single stimulus 
to cut tibial nerve branch (a) caused 10-4 g. twitch tension, while pelvic branch (6) excitation 
resulted in 12-2 g twitch. a +b was 12-75 g, i.e. about 95% tension overlap occurred. Time, 
10 msec. 

Fig. 6. Lliofibularis (frog), at initial tension of 2 g at 25° C. Stimulation of VR 10 caused a 7-65 g 
and VR9 a 21 g twitch. When VR10 was stimulated with VR9 it caused no appreciable 
tension increment over VR9 alone. Note that in the larger tension record two sweeps are 
superimposed. Time, 20 msec. 


Axon branching and axon ‘reflex’. One of the corollaries of multiple innerva- 
tion is the well-known extensive branching of motor axons. Nerve fibres 
reaching sartorius and adductor longus divide to innervate widely separate 
portions of the muscle. One of the nerve branches to a muscle may be cut and 
its central end stimulated, initiating impulses which spread antidromically to 
the nearest bifurcation and thence peripherally into the muscle. In this 
manner an ‘axon reflex’ is set up. 

In Fig. 7 the nerve branch to the tibial portion of adductor longus was cut 
and electrodes were placed on the muscle nerve central to the bifurcation (a), 
on the central end of the cut tibial branch (b) and on the peripheral end of the 
cut tibial branch (c). A stimulus at a evoked a twitch of 10g, while at 6 it 
caused one of 4 g. It may be inferred that about 40% of the nerve fibres which 
innervate the pelvic portion also send branches into the tibial end of the 
muscle. Stimulation of c caused a twitch of 7-5 g and when stimulated together 
with a evoked a response of 10-8 g, thus demonstrating extensive innervation 
overlap between the pelvic and tibial branches (not illustrated). Similar 
experiments on sartorius also proved axon division into the pelvic and tibial 
nerve branches. Cross excitation between nerve fibres at cut ends (Hering’s 
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phenomenon) seems excluded since (1) the effect of antidromic volleys in the 
cut branch was quite constant even during tetanic stimulation, and (2) crushing 
at different points of the main nerve trunk did not introduce fluctuations in 
response until the injury was placed within 1-2 mm of the place of branching. 
The latter also indicates that the division of motor axons to these frog muscles 
occurs near the macroscopically visible site of nerve bifurcation. Excitation 
by stimulus spread to nerve regions at some distance from the stimulating 
electrodes was carefully avoided when axon ‘reflexes’ were tested. The central 
portions of cut nerves (e.g. 6 in Fig. 7) were lifted into paraffin oil while the 
rest of the preparation, including the nerve bifurcation, remained in Ringer 
solution, thus limiting exciting current flow by shunting the submerged 
tissues. 


_ 40 msec 
Fig. 7 Fig. 8 

Fig. 7. Axon ‘reflex’. Tension recorded from adductor longus (frog), at initial tension of 2-0 g at 
25° C. Tibial branch of nerve cut as indicated in scheme. Stimulation of central end of cut 
nerve (b) set up a twitch of 4 g, while (a) caused one of 10 g. Stimulation of branch c set up 
a tension of 7-5 g (not illustrated). 

Fig. 8. Intracellular recording from one muscle fibre of the sartorius (frog). Separate stimulation 
of pelvic and tibial nerve branch set up a propagated muscle impulse in the same fibre. Note 
different latent periods. Two sweep exposures superimposed, Excitation of both branches 
together caused only the impulse with the shorter latency. Resting potential, 90 mV. Time, 
1 msec. 


Intracellular recording. Capillary electrodes were inserted into individual 
muscle fibres of various muscles and portions of the nerve supply were stimu- 
lated. Multiple innervation as indicated by tension overlap experiments was 
easily confirmed. An example is shown in Fig. 8 in which muscle impulses in 
one fibre of the sartorius were obtained by separate excitation of the pelvic and 
tibial nerve branches. The latent periods were characteristically different 
since the junctions on the muscle fibre are widely separated and therefore 
conduction distance to the recording electrode differs. If both nerve branches 
were excited simultaneously only the impulse of shorter latency, starting at 
the nearest end-plate, was recorded. The impulse from the more distal end- 


plates was apparently ‘extinguished’ by collision. 


b 
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90 mV 
b 


SKELETAL MUSCLE INNERVATION 301 


DISCUSSION 
Muscle fibres in which the contractile mechanism is activated by propagated 
muscle impulses are frequently innervated by multiple motor endings. Such 
‘twitch’ muscle fibres, in the frog and cat, may derive multiple endings from 
one or from several nerve fibres. The extent of multiple innervation is known 
only approximately. In some muscles the majority of fibres are multiply 
innervated, e.g. sartorius of frog and cricothyroideus of cat. The amount of 
polyneuronal innervation in hindlimb muscles of the cat must be considerable 
for the large tension overlap observed reveals only the amount of occlusion 
between two samples of root outflow. Within each sample additional overlap 
must be present. For example, in Fig. 1 about 82°% of the muscle fibres in- 
nervated by root a received additional innervation from root b. This provides 
a minimal estimate of polyneuronal innervation. 

Multiple motor endings may influence the rate at which tension is developed 
by the muscle fibre. If nerve impulses reach terminations synchronously at 
several points along the muscle fibre, impulses will be initiated and will spread 
over the length of the fibre in less time than if activity began at only one focus. 
Since muscle conduction is relatively slow (2-3 m/sec) excitation at multiple 
points may provide a means for more rapid activation of the contractile 
system. The very brief latency of contractile activation found by Hill (1951) 
supports this view. 

The number of mammalian muscle fibres innervated by one motoneurone 
in the cat has been estimated by dividing the total number of muscle fibres 
by the number of efferent nerve fibres reaching the muscle (Clark, 1931). 
The tension developed by individual motor units has been calculated in 
a similar manner from the ratio of the maximal tetanic tension developed by 
the muscle to the number of efferent fibres (Eccles & Sherrington, 1930; van 
Harreveld, 1947). These values must be revised on several counts. (1) It has 
been shown that only two-thirds of the efferent fibres to hindlimb muscles of 
the cat innervate ordinary muscle fibres ; the remaining third, small medullated 
fibres provide the motor innervation to muscle spindles (Kuffler, Hunt & 
Quilliam, 1951). (2) A large number of muscle fibres are innervated by more 
than one nerve fibre. Both these factors indicate that the previous estimates 
of motor unit size and tension were too small. 

The present experiments show that many muscle fibres may receive 
terminations from several efferent axons. If there is a background of muscle © 
contraction, a motoneurone discharge will excite only those muscle fibres which 
are not already activated by other efferent neurones. Thus, an increment in 
contractile response, when a muscle is partly contracted, may involve less 
than a whole motor unit. Such a gradation would only be operative when 
motoneurones innervating some muscle fibres in common discharged almost 
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synchronously; its importance is conjectural and gradation of contraction on 
this basis is unlikely to play a significant functional role. 

The distribution of motor innervation within a number of mammalian 
muscles was recently studied by Feindel, Hinshaw & Weddell (1952). They 
found that individual motor axons do not often terminate on contiguous 
muscle fibres but are distributed more widely. They also noted multiple end- 
plates on single muscle fibres but were unable to trace them to different axons. 
Although excitation of an individual motor nerve fibre usually causes contrac- 
tion visible in a strip of muscle it is unlikely that the motor axon innervates 
exclusively any anatomically distinct group of muscle fibres such as a fasciculus 
(Feindel et al. 1952). Indeed, in certain muscles it can be shown that a motor 
axon divides to innervate quite separate parts of the muscle. For example, in 
tenuissimus a motor axon may innervate muscle fibres which may be many 
centimetres apart (Adrian, 1925; Kuffler et al. 1951). 

Some observations made on regenerating nerves may have a bearing on the 
present study of multiple innervation. It was reported by Stookey (1924) that 
a cut ulnar nerve implanted into a normally innervated biceps of the rabbit 
may make functional connexion with the muscle. More recently, Sunderland 
(1952) observed that in man an injured ulnar nerve may regenerate into an 
intact triceps muscle. These findings then provide instances of ‘excessive’ 
innervation of muscle fibres, by adding neuromuscular connexions. It is not 
known, however, whether entirely new junctions are being formed or whether 
regenerating nerve fibres grow into existing end-plates. 


SUMMARY 

1, Large motor nerve fibres in the cat and frog may innervate individual 
skeletal muscle fibres at two or more places. Such a multiple nerve supply may 
be derived from one branching nerve fibre or from several (polyneuronal 
innervation). 

2. The evidence for the multiple innervation of single muscle fibres rests on 
the following observations: 

(a) Ventral roots in the lumbosacral region of the cat were stimulated 
individually and together or sometimes the subdivisions of a single root were 
used. Tension overlap, up to 90% in the cat and nearly complete in the frog, 
was frequently obtained indicating that a large number of muscle fibres were 
multiply innervated. 

(6) More direct proof of multiple innervation was obtained by the use of 
intracellular electrodes. Action potentials in a single muscle fibre could be set 
up by stimulation of separate efferent axons. 

(c) Axon ‘reflexes’ have shown that in the frog many motor nerve fibres 
divide and innervate widely separated regions of a muscle. 
3. The relation of multiple innervation to motor unit function is discussed. 
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THE MEASUREMENT OF EFFECTIVE ATRIAL PRESSURE 


By J. C. G. COLERIDGE anp R. J. LINDEN | 
From the Department of Physiology, School of Medicine, University of Leeds 


(Received 10 May 1954) 


In the course of some investigations made on the effect of alterations in venous 
return upon the heart rate (Coleridge & Linden, 1953) it became necessary to 
record effective atrial pressure. This pressure is important in at least two 
respects; to indicate the pressure available for filling the ventricle during 
diastole and as a measure of the distending force within the atrium. With the 
chest open effective pressures can be measured directly with manometers 
calibrated against atmospheric pressure. In the intact chest effective atrial 
pressure, as defined by Henderson (1909) and Henderson & Barringer (1913), 
cannot be measured directly but must be calculated as the algebraic difference 
between the pressure inside and the pressure outside the atrium. Some 
workers have attempted to record effective atrial pressure directly by means 
of differential manometers (Wiggers, 1918; Brookhart & Boyd, 1947), but the 
method is open to much criticism (Wiggers, Levy & Graham, 1947). 

A search of the literature revealed no really convincing experimental evidence 
for recording the extracardiac component of effective atrial pressure at any 
particular point in the thorax. In the dog central pressures near the heart have 
been recorded by Seely (1948) in the anterior mediastinum, and by Wiggers 
et al. (1947) at various points around the heart but in general a cannula placed 
in the lateral pleural space has been taken as giving the pressure that will affect 
the heart. This latter pressure has been used by Bloomfield (1945) for the cal- 
culation of effective atrial pressure in man. The pressure in the lateral pleural 
space is taken in spite of the demonstration of local variations in intra- 
thoracic pressure in different parts of the thorax (Brookhart & Boyd, 1947; 
Wiggers et al. 1947) because of the difficulties of obtaining reliable records from 
positions near the heart and also because it is said that, in any case, the 
pressure differences between the lateral pleural space and regions near the . 
heart are negligible. 

However it seemed, a priori, that the pressure in the thorax most immediately 
affecting the heart was to be found at a site as close to the particular chamber 
of the heart as possible rather than at a point some distance away. The present 
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investigation was undertaken to find the best position from which to record 
the extracardiac pressure and to determine the pressure difference between 
this point and the lateral pleural space. No attempt was made to carry out a 
full investigation of the different pressures in various regions of the chest. 

Opdyke & Brecher (1950) recorded the extracardiac component of effective 
atrial pressure near the heart but their measurements were probably invali- 
dated by the fact that the chest was opened to place the intrathoracic cannulae 
near the atria. Despite their attempt to reduce the pneumothorax it is doubt- 
ful if normal pressures were restored in the chest. The introduction of the 
intrathoracic cannula into the intact chest is the only reliable method of 
recording the intrathoracic pressure. Because left atrial pressure can be 
recorded by a needle introduced through the tracheal wall (Allison & Linden, 
1953) extracardiac pressures in the dog have been measured by a similar 
technique. 


METHODS 


Experiments were performed on nineteen anaesthetized dogs, lying supine with the chest intact. 
The dogs were anaesthetized either with morphine sulphate (3 mg/kg intramuscularly) and chlora- 
lose (0-08-0-1 g/kg intravenously) or, following premedication with morphine sulphate (3 mg/kg 
intramuscularly), the dogs were given intravenously 0-25 ml./kg of a 1:1 mixture of Dial-urethane 
and sodium pentobarbital, followed 1 hr later by morphine sulphate (1-5 mg/kg intramuscularly). 
Pressures were recorded simultaneously in the left and right atria, in the aorta or common carotid 
artery and in two or three regions of the thoracic cavity. 

Manometers. Optical manometers of the Hamilton pattern (Hamilton, Brewer & Brotman, 
1934), but incorporating several distinctive features, were used in this work. These modifications 
made possible the setting up of a battery of manometers which included for the first time a venous 
optical manometer with a metal membrane which had a whole system natural frequency of 
140 c/s. 

The manometer membranes were made of Mallory 73 beryllium copper which permits a greater 
strain before departure from Hooke’s Law than is possible with either phosphor bronze or spring 
steel. The membranes were 0-003 in. thick in all the manometers; the diameters varied from 10 mm 
in the venous to 7 mm in the arterial manometer. In each case the membrane was soldered to the 
end of a cylinder of appropriate diameter and 7-5 mm in length which joined on to a thick-walled 
brass tube 7 cm long and 6-5 mm bore. Venous and arterial manometers recorded linearly over 
the required ranges. 

Manometer systems used for intrathoracic pressure measurement were air-filled and had 
membranes of the same thickness but with a diameter of 12 mm. These were of adequate sensi- 
tivity and natural frequency but were not strictly linear in response. 

Each optical manometer was equipped with a concave surface aluminized mirror 4 mm square, 
with @ focal length of 100 cm, mounted on an aluminum peg of less than 1 mm diameter with 

‘Durofix’ (Rawlplug Co. Ltd.). No hysteresis was observed if at least 48 hr were allowed for the 
cement to dry thoroughly and if the elastic limit of the membrane was not exceeded. A second 
mirror, on a three-screw adjustment, was fixed to the manometer body to indicate any movement 
of the whole manometer and to give a reference line. The pair of mirrors on each manometer was 
illuminated by one strand of a six monoplanar filament 250 W projection lamp placed close behind 
an adjustable slit. Up to six manometers were used simultaneously. 

Each manometer, in a double three-screw adjustment was mounted in a brass block held rigidly 
on a heavy iron frame. 
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Flushing of the cannula and calibration of the manometer were accomplished through the side 
arm, bore 7s in., of a detachable three-way cock in which the main channel from manometer to 
connecting tube was 4 in. bore. : 

The connecting tubes used in the venous manometric systems were of } in. bore lead tubing to 
keep down the effective mass. This tubing was too rigid to allow of rapid adjustment, therefore 
families of connecting tubes were made in different shapes and lengths. More malleable lead 
tubing of 4 in. bore was used in the arterial and intrathoracic systems. 

All junctions between manometer, cock, lead tube and cannula were Luer lock with screw 
fittings and all were greased before connexion. The empty system, of manometer plus cock, was 
rendered air-free by tilting the manometer with the membrane downwards and displacing the air 


Fig. 1. Diagram showing whole manometric system. A, manometer in double three-screw 
suspension; B, zero mirror fitting on manometer guard; C, end view of manometer and zero 
mirror fitting; D, brass block; HZ, brass rod to hold six manometer units; F, detachable three- 
way cock; G, lead tube; H, cannula. 


with CO,; this in turn was displaced by air-free water injected to the lowest part of the mano- 
meter through polythene tubing. The system was then placed under pressure, by means of the 
calibrating device, for at least 2 hr. The manometer systems, from cannula tip to membrane, were 
kept as rigid as possible and in this regard it is necessary to stress the importance of adequate 
clamping of the cannulae. A cage of } in. brass rod, constructed so as to surround the operative 
field, was firmly attached to the heavy operating table. Clamps, made to fit each cannula, were 
fixed to the rigid metal cage and gripped the cannulae as near to the animal as possible. 
Under these conditions the manometer systems had the following characteristics. A right atrial 
system complete with manometer, cock, lead tubing and cannula had an undamped natural 
frequency of 138 c/s and a sensitivity of 1 mm of paper to 1-7 cm H,O (6 m light path). A left 
atrial manometer system with a long cannula and needle attached had a natural frequency of 
100 c/s and a sensitivity of 1 mm paper to 1-7cm H,O. An arterial system, set up with the shortest 
tubing as for recording the carotid arterial pressure, had a natural frequency of 600 c/s and a 
sensitivity of 1 mm paper to 4-3 mm Hg. Measurements were made to 0-1 mm paper. 
Cannulation. A straight brass tracheal cannula of as large diameter as possible was inserted 
after a low tracheotomy and the application of amethocaine hydrochloride B.P. (2%, w/v) to the 
trachea and carina by means of a swab. The left atrium was entered by a route previously de- 
scribed for man (Allison & Linden, 1953). The cannula consisted of a needle (no. 14 B.wW.c., 
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2-0 cm long) attached at an angle of 10° to a rigid brass tube (18-20 om long and bore 7 mm). 
A three-way cock was attached temporarily to this cannula during insertion. A controlled drip 
of heparinized saline (5000 i.u./l., ‘Pularin’ Evans) was attached to the side arm of the cock and 
a 10 ml. syringe was connected to the other arm. After the system had been freed of air the needle, 
pointing downwards and forwards, was thrust through the carina, at a point midway between the 
anterior and posterior walls of the trachea, until bright red blood at low pressure could be aspirated 
freely. In this position the cannula was clamped and the drip allowed to run slowly. This enabled 
the correct lead tube to be selected and inserted between the manometer and cannula without 
fear of clotting in the needle. The position was checked by recording the pressure pulse contour. 
The left atrium was cannulated successfully on the twenty-three occasions on which the procedure 
was attempted (twelve at post-mortem and eleven under experimental conditions). 


Fig. 2. Diagrammatic cross-section of dog’s chest at the level of the lower part of the lung root 
showing the relations of the right and left atria. A, descending aorta; RA, right atrium; 
LA, left atrium; RV, right ventricle; LV, left ventricle. The position of the tips of the medial 
pleural and mediastinal cannulae are shown. The lateral pleural cannula, shown in the 
diagram for completeness, lies caudally. 


The right atrium was cannulated, through the right external jugular vein, with a rigid metal 
cannula of as large a bore as possible (up to 7 mm). The animal was put on positive pressure 
respiration, while the connecting tube was attached to the manometer, to prevent aspiration of 
air into the atrium. Arterial pressure records were obtained either with a metal cannula passed. 
down the right carotid artery into the aorta or with a large rigid T-cannula in the carotid artery. 

Clotting in the cannulae was prevented by frequent flushing with heparinized air-free saline 
(5000 i.u./1.). 

Intrathoracic pressures were recorded at three positions. Fig. 2 shows a diagrammatic orose- 
section through the chest of the dog, approximately at the level of the tips of the atrial and intra- 
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thoracic cannulae. Many post-mortem examinations showed that, apart from the auricular 
appendage and a small variable part of the atrial wall, the left atrium was almost wholly adjacent 
on its external surface to the posterior mediastinum. The external surface of the right atrium was 
related almost entirely to the right medial pleural space anterior to the lung root. Thus from purely 
anatomical considerations the extracardiac pressure affecting the left atrium was most likely to 
be found in the posterior mediastinum and the pressure affecting the right atrium was probably 
that in the medial pleural space. 

A ‘fish-tailed’ cannula similar to that used by Wiggers et al. (1947) was thrust through the sixth 
right intercostal space in the mid-axillary line to reach the right lower lateral pleural space. Two 
purse-string sutures were tightened round the cannula to prevent leakage of air into the thorax. 
After the cannula had been inserted no attempt was made to create a cavity or to inject air. In 
this regard it is important to remember that the term ‘space’ refers to the potential space between 
the two layers of pleura. However, the cannula tip and a small bubble of air separated the pleural 
surfaces, and this minute amount of air lying outside the cannula tip, between the layers of pleura, 
was equivalent to the increase in volume of air in the manometer system when this was subjected 
to the subatmospheric pressure of the thorax: the manometer system was originally in equili- 
brium with atmospheric pressure to record zero pressure. 

The medial pleural space was cannulated with a rigid brass tube (2 mm bore, 20-22 cm long) 
to the flattened end of which was soldered the tip of a wide-bore short-bevelled needle ; two sets of 
two holes were bored at right angles to each other through the flat end of the tube. The last 2-5 cm 
of the cannula was bent at an angle of 15° to the main shaft. The cannula was thrust through the 
right wall of the trachea about 5 om above the carina into the medial pleural space. The tip was 
pointed forwards, by rotating the shaft, and was thrust in front of the lung root to lie alongside 
the right atrium. The correct cannula length and its position relative to the tip of the right atrial 
cannula were found by external measurement. 

Pressure in the posterior mediastinum was recorded either with an air-filled system and a 
cannula similar to that used for the medial pleural space or with a larger bore tube and short 
needle connected to a fluid-filled system. In each case the cannula was pushed through the posterior 
wall of the trachea about 2 om above the carina to lie about 1 cm behind the left atrium in close 
relation to the tip of the atrial needle. 

Little difficulty was experienced in placing the intrathoracic cannulae correctly. The positions 
of all cannulae were checked post-mortem. Atmospheric zero for each manometer was recorded 
before and after each record. In fluid-filled manometers ‘true’ zero was compared with the atmo- 
spheric zero by recording the pressure at the cannula tip when this was free in air post-mortem. 
This was done after cutting away the respective heart chambers and vessels and making sure that 
no obstruction was caused by blood or floating lungs. This ‘true’ zero was used as the manometer 
zero when each manometer was calibrated against stepwise alterations in pressure on a water or 
mercury manometer. 

Three of the nineteen dogs died before cannulation was completed. The first bled to death from 
& punctured pulmonary artery, pierced by the left atrial needle as it passed through the media- 
stinum to the left atrium. A similar accident has since been prevented by taking care to enter the 
carina at a position midway between the anterior and posterior walls of the trachea. Another 
death was caused by the aspiration of air into the right atrium when the connecting tube was 
fitted to the cannula. This was prevented subsequently by putting the animal on positive pressure 
respiration while the connexions were made, The third dog bled to death from a small tear in the 
bronchial mucosa made when the left atrial needle slipped off the carina during cannulation. Of 
the sixteen remaining dogs one complete set of recordings was discarded when it was found post- 
mortem that the mediastinum was distended with blood. This dog had received an initial intra- 
venous dose of heparin ; subsequently the initial dose of intravenous heparin was discontinued and 
clotting in the cannulae was prevented by the addition of heparin to the flushing saline. 

It was stated by Wiggers et al. (1947) that the central intrathoracic cannulae were more difficult 
to keep patent than the peripheral cannulae. In these experiments this was so only in the case of 
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the mediastinal lae. With an air-filled cannula in the posterior mediastinum certain difficulties 
such as very small respiratory variations in pressure or a gross phase difference between mediastinal 
records and those from the lateral and medial pleural spaces, were sometimes observed. In these 
cases, when the cannula was withdrawn the tip was not blocked, which suggested that the tip had 
been in some semi-rigid fascial space. Clot formation in the cannula orifice occasionally produced 
damping which showed on the mediastinal record as a progressive decrease in the respiratory 
excursion, compared with a constant excursion on the medial and lateral pleural records. The 
obstruction was relieved by replacing the cannula and the previous records were discarded. 

With the fluid-filled mediastinal system, completely unpredictable results were obtained. The 
use of this system was abandoned after a few preliminary experiments. 

In the case of the medial and lateral pleural cannulae some difficulty arose in a few experiments 
from continuous blocking of the tip, producing damped records, or from intermittent blocking for 
part of the respiratory cycle. The latter was manifest by a sudden flicking of the light beam as it 
returned to the expiratory level. The blocking was usually apparent as soon as the cannula was 
inserted and was relieved by moving the tip about or by removal and re-insertion of the cannula, 
and the previous records were discarded. 


RESULTS 


Although, on anatomica grounds, it seemed that the intrathoracic component 
of effective atrial pressure should be measured as near to the heart as possible 
it was necessary to establish whether the difference in pressure between the 
centre of the chest and the periphery, found by other workers, was great 
enough to warrant the use of an immediate extracardiac cannula in preference 
to the rather more easily introduced right lower lateral pleural cannula 
advocated by Wiggers et al. (1947). 

Simultaneous recordings of pressure with air-filled systems were made in 
three regions of the chest: the lateral pleural space, the medial pleural space 
and the mediastinum (Fig. 2). Measurements of intrathoracic pressure in these 
three regions were compared at two points in the respiratory cycle: in expira- 
tion just before the beginning of inspiration, the pre-inspiratory point, and at 
maximal inspiration. 

Normal respiration. In every case during normal breathing there was a 
gradient of pressure from the centre of the chest to the periphery. Unlike 
Wiggers et al. (1947) we found that there were considerable differences between 
the pressures in the lateral pleural space and those around the heart. For 
example, the record of a typical experiment (Fig. 3), in which the pressures 
in the lateral pleural space and the middle of the posterior mediastinum were 
measured, shows that the pressure at these two points was — 6:5 em and 
— 0-5 em H,O respectively at the pre-inspiratory point and during inspiration 
the difference increased by 2-5 to 8-5 cm H,O. When respiration was deepened 
by the breathing of CO,, the difference in pressure between the two regions of 
the chest increased to 11-0 cm H,O during inspiration. 

In order to examine this gradient in more detail, the pressure in the right 
medial pleural space adjacent to the lateral surface of the right atrium was 
compared with the lateral pleural and mediastinal pressures. In every experi- 
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ment the medial pleural space pressure lay between the lateral pleural pressure 
and the mediastinal pressure. Fig. 4 shows a typical experimental record in 
which, at the pre-inspiratory point, the pressure in the lateral pleural space 
was 5-0 cm less than the pressure in the medial pleural space. During inspira- 
tion when the pressure in the lateral pleural space decreased to — 16-0 cm H,O 


Fig. 3. Normal respiration. Records from above downwards: time #5 sec, mid-mediastinal zero 
reference line, mid-posterior mediastinal pressure, lateral posterior mediastinal pressure, 
lateral pleural pressure, lateral posterior mediastinal reference line, lateral pleural reference 
line. Calibrations in em H,O. 


ot 


Fig. 4. Normal respiration. Records from above downwards: time 5 sec, medial pleural pressure 
lateral pleural pressure, zero reference lines. Calibrations in em H,O. 


this difference increased to 6-5em. Deeper respiration resulted in an even 
larger difference of 8 cm H,O at the point of maximal inspiration. 

A record, typical of the experiments in which the medial pleural and mid- 
mediastinal pressures were compared, is shown in Fig. 5. During the pre- 
inspiratory phase the medial pleural pressure was 1-5cm lower than the 
pressure in the mediastinum. On inspiration the difference was 2-0 cm. With 
deeper inspiration (Fig. 6) when the pressure in the medial pleural space 
dropped to —25-0 cm, the difference increased only to 3-5 cm H,O, whereas 
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the difference between the lateral and medial pleural pressures increased to 
5-0 cm. 

In some experiments an additional cannula was placed in a lateral position 
in the mediastinum next to the parietal pleura. A typical result (Fig. 3) from 
records taken with the two cannulae in the mediastinum shows no difference 
in the pressures at the pre-inspiratory level and on normal inspiration; the 
pressures differed only by 0:5 cm H,O. On deeper inspiration when the pressure 
in the lateral region of the mediastinum was — 11-0 cm H,0 that recorded from 
the mid-mediastinum was —9-0. 


-10 


Fig. 5. Normal respiration. Records from above downwards: time 7's sec, mid- posterior mediastinal 
pressure, medial pleural pressure, zero reference lines. Calibrations in om H,O. 
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Fig. 6. Deep normal respiration. Same dog as in Fig. 5 but the lateral pleural pressure is also 
recorded. Records from above downwards: time yg sec, mid-posterior mediastinal pressure, 
medial pleural pressure, lateral pleural pressure, zero reference lines. Calibrations in cm H,0. 


Positive pressure respiration. A pressure gradient across the chest from the 
centre to the periphery was always found when positive pressure respiration 
was maintained by a Starling Ideal respiratory pump connected to the tracheal 
cannula. The pressure differences at the pre-inspiratory point always increased 
during inflation, and the change in pressure was always greater in the centre 
of the chest than in the lateral pleural space. A record, illustrative of the 
pressure changes during positive pressure inflation, is shown in Fig. 7. During 
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inflation the pressure increased by 11-0 cm in the mediastinum, by 10-0 cm in 
the medial pleural space and by 9-0 cm H,O in the lateral pleural space. 

Partial pneumothorax. In some experiments measured volumes of air were 
injected into the thorax to determine if the more positive pressures found at 
certain points were due to leakage around the cannulae. Records were taken 
before and after the injection of air into each of the three cannulae. There was 
no increase in pressure in the lateral and medial pleural spaces until more than 
5 ml. of air had been injected through the cannula, and this alteration did not 
persist for more than a few respirations. More than 10 ml. had to be injected 
before there was a more prolonged increase in pressure. 


Fig. 7. Positive pressure respiration. Records from above downwards: time 75 sec, mid-posterior 
mediastinal pressure, medial pleural pressure, lateral pleural pressure, zero reference lines. 
Calibrations in em H,O. 


Unpredictable results were obtained with the injection of air through the 
mediastinal cannula. In some cases no effect on the pre-inspiratory pressure 
was seen after injection of up to 5 ml. of air; in others the pressure rose but 
fell to its previous level in about 5 min, and in a further group the pressure rose 
and remained higher than before for the remainder of the experiment. 

Results of experiments in which larger volumes of air were injected were in 
agreement with the findings of Wiggers et al. (1947). In several dogs a partial 
pneumothorax was induced on the right side. The volume of air admitted was 
more than the 10 ml. of air previously injected to cause a prolonged alteration 
in lateral pleural pressure, but it was not sufficient to cause obvious dyspnoea. 
This degree of pneumothorax (of the order of 50-200 ml.) was sufficient to 
raise the pre-inspiratory pressure in the lateral pleural space, for example, to 
about —3cm. Under these conditions of partial pneumothorax it was found 
that the pressures recorded from the three regions were almost identical during 
the pre-inspiratory phase. In a typical experiment there was only 0-5 cm 
difference in pressure between the mediastinal and the two pleural pressures, 
and during normal inspiration this pressure difference did not increase. Even 
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during deeper inspiration, induced by the breathing of CO,, the respiratory 
excursions in the three regions were the same (Fig. 8). 

In these experiments, following the introduction of a known amount of air 
to create a partial pneumothorax, it was found to be impossible to remove all 
the air and return the pressures in the chest to their previous level. This 
emphasizes further the point that the insertion of the intrathoracic cannula 
into the intact chest is the only reliable method of recording the true intra- 
thoracic pressure. 
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Fig. 8. Partial pneumothorax. Deep respiration. Records from above downwards: time ¢z sec, 
reference lines. Calibrations in cm H,0. 


The effect of tracheotomy. In the previous experiments the trachea had been 
opened and a tracheal cannula inserted. Measurements were made to deter- 
mine if these procedures seriously altered the pressures in the chest. In two 
dogs the lateral pleural space pressure was recorded with the trachea intact 
and again after the trachea had been opened and the tracheal cannula inserted. 
In each case the pre-inspiratory level decreased on opening the trachea by 
about 0-5 cm and the average maximal inspiratory pressure increased by the 
same amount. The recorded pressures did not vary by more than a further 
0-5 cm H,O after the introduction of the cannula. 

Superimposed cardiac variations. The results presented so far show that there 
are real differences between pressures measured at various points in the chest: 
differences that would be important when deciding at which point to measure 
intrathoracic pressure for the calculation of effective atrial pressure. However, 
it has been stated by Wiggers ef al. (1947) that gross artifacts are found in 
pressures recorded near the heart, and these preclude the use of the more 
central records for accurate calculation of effective atrial pressure. 

Variations in intrathoracic pressure due to cardiac activity may be caused 
by changes in atrial and ventricular volume. In Fig. 9 are seen two pressure 
variations commonly found in intrathoracic records. One was a small upward 
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deflexion of less than 0-5 cm H,0, in time with the beginning of ventricular 
ejection. This was followed by a gradual decrease in pressure of about 
1-5 cm H,0, in time with ventricular systole. This fall in pressure, seen clearly 
in the lateral pleural record in Fig. 9, was due probably to the flow of blood 
from the thorax during systolic ejection and possibly to the mechanical trac- 
tion of the ventricle. Such a marked decrease is not seen in the medial pleural 
record, probably because this space was also affected by a local increase in 
pressure as the right atrium was distended with blood: indicated by the 
increase in right atrial pressure during this period. These variations emphasize 
the necessity of recording the intrathoracic component of effective atrial 
pressure as near to the heart as possible. 
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Fig. 9. Normal respiration. Records from above downwards: time 75 sec, zero reference lines, 
left atrial pressure, right atrial pressure, carotid arterial pressure 2 cm from the aorta, medial 
pleural pressure, lateral pleural pressure, zero reference lines. Calibrations: arterial blood 
pressure in mm Hg, atrial and intrathoracic pressures in om H,O. 

Other variations which were in time with the heart sounds were exaggerated 
by inadequate clamping of the cannulae. If suitable precautions were taken 
to place the cannulae in positions so that they did not knock against each 
other (particularly where the three cannulae emerged from the tracheal tube), 
and if the cannulae were clamped rigidly, there remained few irregularities in 
the records. Artifacts of the order of those experienced by Wiggers et al. (1947) 
were not observed. In these experiments no artifacts occurring coincident 
with heart sounds were greater than 0-5 cm H,0O. 

Wiggers et al. (1947) also suggested that the more positive pressures near the 
heart recorded by themselves and also by Brookhart & Boyd (1947) were due 
to ‘dissipated cardiac energy’. That is the apparent gradient of pressure 
between the central and peripheral parts of the chest was, to some extent, 
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caused by the activity of the heart. To investigate this point the pressures in 
the different regions of the chest were measured before and after killing the 
animal. In the event it was found that the pressure gradient was still present 
after death; the only change was that the pressures were about 0-5 cm H,O 
more positive immediately after death than before. 


DISCUSSION 

In regard to the evidence for the existence of differences between pressures in 
different parts of the chest, Brookhart & Boyd (1947) recorded atrial pressure 
differentially against the pressure in small balloons or small pockets of air in 
various regions of the chest. They also recorded differentially the gradient of 
pressure between different parts of the thoracic cavity. Their results seemed to 
show that the lateral intrapleural pressure was more negative than the pressure 
in a lax balloon near the heart; the gradient of pressure increased on inspira- 
tion and was reduced after a partial pneumothorax. The pressure differences 
at the pre-inspiratory point were about 2-3 cm H,0 and increased during slow 
deep inspiration. They claimed that in every experiment the lateral pleural 
pressure was more negative than the immediate extracardiac pressure and they 
therefore questioned the use of the lateral intrapleural pressure as a measure 
of effective atrial pressure. 
Wiggers et al. (1947) rightly criticized the results of Brookhart & Boyd on 
the grounds that the use of differential manometers and balloons can give rise 
to many errors which are not easily discerned. The work may be criticized 
further on the grounds that the chest had to be opened, by sternal splitting or 
rib resection, in order to insert the balloons between the pericardium and the 
pleura. 
Wiggers et al. (1947) measured directly the simultaneous pressures in dif- 
ferent regions of the chest. Pressures were recorded at points 2-3 cm away 
from the heart by thrusting cannulae between the lobes of the lung. Though 
admitting that there was a pressure difference between the right lateral pleural 
space and the mid-thorax they stated that the right lateral pleural pressure was 
only about 1 cm H,O lower than the pressure near the right atrium. They 
concluded that, for one reason or another, intrathoracic pressures recorded 
from the upper regions of the chest, the whole of the left side, the regions 
immediately above the diaphragm and the mediastinum were unreliable for the 
calculation of effective pressures, and that the right lower lateral pleural 
pressure approximated sufficiently to pressures near the heart for it to be used 
for the calculation of effective atrial pressure. 
In view of this work by Wiggers et al. the statement made by Wiggers (1949) 
that pressure changes during inspiration were not equal in different regions of 
the chest and therefore the extracardiac pressure should be recorded near 
the heart seems to lack conclusive evidence. 
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Our results confirmed the findings of Brookhart & Boyd (1947) and Wiggers 
et al. (1947) that there was a gradient of pressure from the periphery of the 
chest to the centre which extended into the mediastinum. That is, the pressure 
in the mediastinum was more positive than that in the medial pleural space 
and the latter was, in turn, more positive than the pressure in the lateral 
pleural space. However, contrary to the findings of Wiggers et al. our results 
showed that the differences in pressure were by no means negligible. A dif- 
ference of 3 cm of H,O between lateral and medial pleural spaces was com- 
monly found during normal quiet respiration, and up to 8 cm H,O on deep 
inspiration. The pressure difference between the posterior mediastinum and the 
medial pleural space was usually of the order of 1-2 cm H,0. 

It may be suggested that the more positive pressures near the heart were 
due to localized pockets of air caused by leakage at the point of insertion of the 
central intrathoracic cannulae through the tracheal wall. However, no 
localized progressive increase in pressure was observed during any experiment. 
Also, the pressures throughout the chest gradually approximated during the 
introduction of a pneumothorax so that any leak through either the medial 
or lateral pleural cannulae would lessen the difference between the regional 
pressures. 

The three facts, that the atria were related anatomically mainly to the 
posterior mediastinum and the right medial pleural space, that there was a 
pressure gradient from the lateral pleural space to the posterior mediastinum, 
and that artifacts were minimal suggested that, for the calculation of effective 
left and right atrial pressures, the intrathoracic pressures should be recorded 
in the posterior mediastinum and the right medial pleural space respectively. 

The only possible drawback to the use of the medial pleural cannula is that 
it is slightly more difficult to insert than the lateral pleural cannula. On all 
other grounds there is no doubt that, if effective right atrial pressure is to be 
measured, the intrathoracic component ought to be recorded from the right 
medial pleural space, anterior to the lung root. 

The assessment of the intrathoracic pressure required for the calculation of 
left atrial pressure has been more difficult. In some experiments records of 
posterior mediastinal pressure were obtained which, from every consideration, 
appeared wholly adequate. However, in other experiments certain technical 
difficulties (see Methods) were experienced with the recording of this pressure 
which preclude its regular use for this purpose. 

Also differences in pressure between the lateral and mid-positions in the 
posterior mediastinum were observed during inspiration. Therefore at these 
points in the mediastinum adjacent to the left atrium it is probable that 
different pressures were being exerted on the atrial wall. The internal effect of 
these varying external pressures is not immediately predictable but it must be 
the result of some combination of the many differing pressures ranged over 


EFFECTIVE ATRIAL PRESSURE 317 


the whole external atrial surface. It appeared then that no single position in 
the posterior mediastinum could be chosen from which to record the intra- 
thoracic component of effective left atrial pressure ; the simultaneous recording 
of a series of pressures from various positions in the mediastinum was im- 
practicable. 

Because of these difficulties the assessment of the true intrathoracic com- 
ponent of effective left atrial pressure is probably impossible with present 
techniques and an approximation must therefore be found. 

It is suggested that the right medial pleural space be taken as the position 
from which to record the required pressure. Although there was a difference 
between the pressures in the mid-mediastinum and the medial pleural space 
there was also a difference in pressure between the mid and lateral positions 
in the mediastinum with the pressure gradient in the same direction. Therefore 
the intrathoracic pressure affecting the left atrium, being some combination 
of the pressures throughout the mediastinum, will be more closely represented 
by the pressure in the medial pleural space than was indicated by the result 
of the direct comparison of the latter with the pressure in the mid-mediastinum. 

Thus the right medial pleural space pressure is the nearest approximation, 
readily attainable, to the intrathoracic component of both effective left and 
right atrial pressures. 

A typical experimental record necessary for the calculation of simultaneous 
effective right and left atrial pressures in the intact dog with the unopened 
chest is shown in Fig. 9. 


SUMMARY 


1. Improved optical manometers are described, including a venous optical 
metal membrane manometer which has an adequate sensitivity and a whole 
system natural frequency of 140 c/s when recording right atrial pressure and 
100 c/s when recording left atrial pressure in the intact dog. 

2. Experiments were performed to determine the position at which the 
intrathoracic component of effective atrial pressure should be measured. 
Simultaneous recordings of pressure in the lateral and medial pleural spaces 
and the posterior mediastinum showed significant differences. 

3. Reasons are given for considering the pressure in the right medial pleural 
space to be the best approximation to the intrathoracic pressure component 
required for the calculation of both effective right and left atrial pressures in 
the dog with the unopened chest. A typical experimental record necessary for 
this calculation is shown. 


We wish to thank Prof. A. Hemingway for his help and criticism. Part of the cost of this work 
was defrayed by a grant from the Medical Research Council. | 
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(Received 10 May 1954) 


Vasoconstriction in the skin is an early and prominent response to the in- 
jection of bacterial pyrogens and is generally thought to be brought about by 
a sympathetic vasoconstrictor discharge from the central nervous system to 
the vessels of the skin. This explanation, however, has recently been challenged 
by Boquet and his co-workers, who conclude that pyrogen-induced vaso- 
constriction is not dependent upon local activity of sympathetic vasocon- 
strictor nerves (Boquet, Delauney, Lehoult & Lebrun, 1947), but is due to some 
circulating constrictor substance, probably adrenaline, which makes its 
appearance in the blood shortly after injection of pyrogen (Boquet & Izard, 
1950). They point out that pyrogens are known to be able to release adrenaline 
into the blood (von Euler, 1927) and that certain other effects of pyrogen, such 
as hyperglycaemia (Evans & Zeckwer, 1927), are attributable to circulating 
adrenaline. Pinkston’s (1934) experiments on the rabbit also indicated that 
pyrogens could, in some instances, induce vasoconstriction after removal of 
the sympathetic nerves, and suggested to him that some of these effects were 
due to circulating adrenaline. Unlike Boquet et al. (1947), however, he con- 
sidered the vasoconstrictor action of pyrogen to be due normally to activity in 
sympathetic vasoconstrictor nerves. In the present paper the vasoconstriction 
caused by pyrogen in the rabbit ear has been re-examined. No evidence of any 
vasoconstrictor action of pyrogen has been found other than that mediated by 
the sympathetic nerves to the ear. 


METHODS 


Experiments were conducted upon Himalayan and Dutch rabbits, trained so that they would sit 
quietly throughout an experiment in boxes which held them lightly about the neck but which 
allowed them free movement of the limbs. Under such conditions their body temperatures 
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remained steady: there was no tendency to the ‘emotional’ hypothermia which is prone to occur 
in rabbits that are frightened or over-restrained. Rectal temperature was recorded in each animal 
by an indwelling thermocouple enclosed in a rubber catheter and inserted 6 in. beyond the anus. 
Ear temperature was taken as an index of vasoconstriction and was measured by a thermocouple 
attached with collodion and insulated from the surrounding air by a small patch made up of 
several thicknesses of paper. The junction was placed about 3 cm from the tip of the ear, on its 
outer surface, and a few mm posterior to the central artery. The majority of experiments were 
conducted at ambient room temperatures of 18-21° C. In some experiments where vasoconstric- 
tion was being sought, a resting state of vasodilation was induced by keeping the rabbit in a room 
heated to 26-28° C during the entire experiment. Such experiments are described as having been 
conducted in a warm room. 

In some experiments the sympathetic vasoconstrictor supply to the rabbit’s ear was interrupted 
by removal of the superior cervical ganglion or the stellate ganglion, or both. The operations were 
done under ether anaesthesia 1-6 weeks before pyrogen injection. In other experiments sympa- 
thetic activity was interrupted by intravenous injection of the ganglion blocking drug hexa- 
methonium chloride. The superior cervical ganglion was removed by the usual ventral approach 
and the stellate ganglion by the dorsal extrathoracic approach described by Feldberg (1926). 


The pyrogen used was a preparation from B. proteus obtained from Dr A. 4. Tiles of the 
National Institute for Medical Research, Mill Hill, London. 


RESULTS 
The effect of pyrogen on ear vessels after removal of the 
superior cervical ganglion 

Boquet et al. (1947) concluded that the vasoconstriction produced in rabbits’ 
ears after pyrogen is not the result of vasoconstrictor discharge to the skin, 
because they found that it persisted after removal of the superior cervical 
ganglion. This result has been confirmed. In two rabbits, removal of the right 
superior cervical ganglion caused miosis and dilation of the ear vessels of the 
same side. The vasodilation diminished rapidly during the following few days, 
and after 10-11 days there was little difference in temperature between the 
two ears. At this time the injection of pyrogen caused vasoconstriction in both 
ears, the response of the operated ear being no less than that of the normal 
(Fig. 1a). 

Although this finding confirms Boquet et al. (1947), it does not support their 
conclusion, for the experiments of Fletcher (1898) and Feldberg (1926) showed | 
that removal of the superior cervical ganglion causes only partial sympathetic 
denervation in the rabbit’s ear. Residual sympathetic constrictor activity in 
the right ear of the two rabbits deprived of their right superior cervical 
ganglion was indicated by the following findings: first, that the operated ear 
shared in the emotional flush which could be induced by tying the rabbits 
back-down to the table; and secondly, that hexamethonium, which has no 
direct dilator action but which causes flushing by blocking vasoconstrictor 
activity (Paton & Zaimis, 1951), caused reddening and increased warmth in 
the operated ear indistinguishable in course and intensity from that which it 
caused in the normal ear (Fig. 2a). It was evident that a week or so after 
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removal of the superior cervical ganglion, vasoconstrictor tonus was virtually — 
normal. From Fig. 2 it will be seen that the action of hexamethonium was 
remarkably short-lived. 


4ir (a) 4ir 
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Fig. 1. Responses of a rabbit to intravenous injections of 1 ug/kg B. proteus pyrogen (at arrow). 
The upper trace (+——— + ) shows the rectal temperature: the lower traces show the tempera- 


tures of the left ear (@———@) and the right ear (O——C). The rabbit was in a warm room 


(28° C). (a) Responses obtained after extirpation of the right superior cervical ganglion. 
(6) Responses obtained in the same rabbit after subsequent extirpation of the right stellate 


ganglion. 


The effect of pyrogen on ear vessels after removal of the stellate ganglion 


In the two rabbits in which the right superior cervical ganglion had been 
extirpated, the residual sympathetic innervation was removed by subsequent 
extirpation of the right stellate ganglion. The right ears immediately became 
flushed, more so than after the first operation, and this flush persisted. The 
temperature of these ears was always much higher than that of the unoperated 
ears on each of the several occasions on which it was measured during the 
following 6 weeks. At room temperatures of 18-28° C the difference was about 
10° C, the operated ear being within 2-4° C of the rectal temperature and the 
normal ear close to room temperature. The spontaneous fluctuations in 
vasoconstrictor tone which occur normally—and which also occurred after 
removal of the superior cervical ganglion alone—were no longer present. 
Further evidence of the completeness of sympathetic denervation in these two 
rabbits was obtained by the use of hexamethonium, whose injection no longer 


caused any increase in the temperature of the operated ear. The effect of 
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hexamethonium was, in fact, the reverse, for it now induced some cooling of 
the operated ear (Fig. 2b) while warming the normal ear. 

Injection of pyrogen into these rabbits gave results different from those 
previously obtained. Now the ear of the operated side failed to cool at any 
time during the course of fever, but rather tended to increase in warmth as 
rectal temperature rose (Fig. 15). 
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Fig. 2. The same rabbit as in Fig. 1, showing ear temperature responses to hexamethonium 
(5 mg/kg intravenously at arrow). The response of the left ear is shown thus: @——@, and 
the right ear thus: O———O. (a) Responses obtained after extirpation of the right superior 
cervical ganglion. (b) Responses obtained after subsequent removal of the right stellate 
ganglion. 

In two rabbits the effect of pyrogen after stellate ganglionectomy alone was 
tried. The postoperative course in these animals was similar to that following 
the second operation in the first two animals. The ear of the operated side 
showed a steady, intense vasodilation which diminished only slightly over a 
period of several weeks. Pyrogen injection in these rabbits gave effects in 
every way comparable with those already obtained after the combined 
operation and already illustrated in Fig. 10. 

It was the practice to induce a steady level of vasodilation by conducting 
these experiments in a warm room. This technique allowed the onset of vaso- 
constriction to be readily observed, but it raised some doubt that the effect of 
pyrogen might be different at more normal ambient temperatures. To test this 
pyrogen was given to all four rabbits at room temperatures of 18-20° C. In 
these experiments the denervated ear behaved as it did in the warmed rabbits: 
no vasoconstriction was observed during the course of fever (Fig. 3). The con- 
trol vasomotor responses in the normal ears were, of course, less striking, for 
considerable constrictor tonus was present at such room temperatures. 
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The experiments so far described have concerned the effect of chronic 


sympathetic denervation on the response to pyrogen. Experiments on 
chronically denervated preparations are, however, open to the criticism that 
the effector mechanism may be abnormal. To meet this objection, experiments 
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Fig. 3. Another rabbit. Showing the response to 1 yg/kg B. proteus pyrogen at a room tempera- 
ture of 20° C. The upper trace (+——— +) shows the rectal temperature. The lower traces 


show the temperatures of the left (@———@) and the right (O———CO) ears. The right 
stellate ganglion alone had been removed. 


were performed in which the effect of pyrogen was tested during acute 
deprivation of sympathetic nerve influence. Ganglion block by hexa- 
methonium was the technique employed. 

It has been mentioned that the vasodilator effect of hexamethonium is 
transient. Even very large doses (10 mg/kg) given at half-hourly intervals 
cause a greatly fluctuating response, the effect of one dose being almost over 
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before that of the next occurs (Fig. 4). This made it difficult to estimate the 
effect of pyrogen when it was given after hexamethonium. An alternative 
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Fig. 4. Temperature responses in a normally innervated rabbit ear caused by injecting intravenously 
three doses of hexamethonium (10 mg/kg at each of the arrows). 
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Fig. 5. The effect of a single dose of hexamethonium (10 mg/kg at arrow marked ‘C. 6’) on the 
vasoconstriction caused in the normally innervated ear by | yg/kg B. proteus pyrogen (at 
arrow ‘P’). The rabbit was in a warm room. 


procedure was therefore adopted, i.e. to induce vasoconstriction with pyrogen - 
and then to try the effect of hexamethonium upon it. The experiments, on four 
fresh rabbits, were conducted in a warm room to induce vasodilation. To 
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obviate the vasomotor fluctuations which accompany any manipulation of the 
rabbit, injection of pyrogen and hexamethonium was made by an indwelling 
catheter placed in the marginal vein of the ear not under observation. After 
the injection of pyrogen (1 ug/kg) and the establishment of vasoconstriction, 
hexamethonium was injected either in a single dose or in multiple doses at 
short intervals. The results were clear-cut. In each rabbit pyrogen caused 
intense vasoconstriction after a latent period of 7-15 min. The subsequent 
injection of hexamethonium reversed this effect and restored the ear vessels to 
a state of vasodilation comparable with that existing before pyrogen injection. 
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Fig. 6. The effect of repeated injections of hexamethonium on the ear and rectal temperatures of 
a normal rabbit during pyrogen vasoconstriction. (a) At the arrow marked P, 1 yug/kg 
B. proteus preparation was injected. During the period marked C. 6, eight injections of 
5 mg/kg hexamethonium were given. (b) Shows a control response to pyrogen alone (1 ug/kg) 
obtained 1 week later. In each experiment the rabbit was in a warm room. 


A single injection of hexamethonium caused only a transient effect (Fig. 5); 
but this effect could be obtained at any time during the normal duration of the 
vasoconstriction (about 1 hr). By giving repeated injections of hexamethonium 
at short intervals, it was possible to induce vasodilation throughout the period 
normally occupied by vasoconstriction (Fig. 6). An incidental observation 
made in each of the two rabbits in which these repeated injections of hexa- 
methonium were given was that the febrile response to pyrogen was less than 
when no hexamethonium was injected (compare the rectal temperature in 
Fig. 6a with that in Fig. 65). 
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DISCUSSION 


In concluding that the vasoconstriction following an injection of a bacterial 
pyrogen is independent of local sympathetic nerve activity, Boquet et al. 
(1947) based their opinion on results obtained on rabbits’ ears after removal 
of the superior cervical ganglion. The validity of their conclusion rests, there- 
fore, on the ability of this operation to effect a complete sympathectomy. 
There is evidence, however, that superior cervical ganglionectomy does not in 
itself deprive the rabbit ear of sympathetic vasoconstrictor fibres (Fletcher, 
1898; Feldberg, 1926) and this evidence has been amply corroborated in the 
present investigation. A week or so after superior cervical ganglionectomy the 
ear showed little sign of abnormality. Its temperature was no higher than that 
of the normal ear and it participated normally in the vasomotor response to 
different environmental temperatures, to restraint and to hexamethonium. 
It follows, therefore, that results obtained after this operation do not allow of 
conclusions concerning the role of sympathetic nerves in the pyrogen response. 

On the other hand, results obtained after stellate ganglionectomy which also, 
of course, deprives the superior cervical ganglion of its central connexions do 
allow of such conclusions, for after this operation a persistent vasodilation was 
observed in the ear and none of the several indices of sympathetic innervation 
were seen. The finding that pyrogen failed to cause vasoconstriction after 
stellate ganglionectomy shows that the presence of intact sympathetic nerves 
is necessary for the production of vasoconstriction by pyrogen. The results 
obtained by Boquet et al. which were confirmed in the present experiments, 
must be attributed to the presence of that part of the sympathetic innervation 
to the ear which is not interrupted by removal of the superior cervical ganglion. 

The absence of the vasoconstrictor effect of pyrogen in chronically denervated 
ears does not yield conclusive proof that the vasoconstrictor effect is normally 
mediated by these sympathetic nerves. It could still be argued that pyrogen 
itself or some substance released by pyrogen into the circulation is the factor 
responsible for constriction in normal ears, but that sympathectomy so alters 
the responsiveness of the ear vessels that they fail to react. This could not be 
true were the putative substance adrenaline or noradrenaline, to which 
sympathectomy would sensitize the ear vessels, but it might hold for the 
pyrogen itself or some other released substance, However, these explanations 
can be excluded by the finding that hexamethonium abolished pyrogen- 
induced vasoconstriction in the normally innervated ear, for change in 
responsiveness of the ear vessels would not be expected to occur within a 
minute or so of the ear being deprived of its sympathetic supply by the 
ganglion blocking action of the drug. 

The present results are not fully in accord with Pinkston’s (1934) experience. 
He found that pyrogen still evoked a vasoconstrictor response in the ears in 
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five of nine rabbits after sympathectomy performed either by removal of the 
superior cervical ganglion and section of the remaining sympathetic fibres 
locally in the ear, or by removal of the stellate ganglion. In two of these the 
temperature of the sympathectomized ear fell shortly after injection and 
thereafter followed closely the temperature of the normal ear throughout the 
course of the fever; in three others the evidence of vasoconstriction was not 
apparent until 1} hr or so after the injection, although the unoperated ear had 
responded with usual promptness. Pinkston ascribed the prompt response to 
adrenaline released by the pyrogen, but considered the delayed effect to be due 
to some other humoral agent. He obtained no direct evidence for these beliefs 
but based them on an experiment on three further rabbits with inactivated 
adrenals in which pyrogen caused no immediate vasoconstriction in the 
sympathectomized ear of any, but a delayed vasoconstriction in two. It is not 
easy to find a satisfactory explanation of this difference in results. The obvious 
explanation, that Pinkston’s sympathectomy was less complete than in the 
present series, does not appear likely on the evidence available. It is true that 
he applied no rigorous physiological or pharmacological test for the complete- 
ness of sympathectomy, but the persistence of postoperative vasodilation and 
the absence of spontaneous fluctuations of temperature in the ears of his 
rabbits suggest that it was in fact complete. It may be that difference in 
pyrogen dosage explains the divergent results, and that high doses of pyrogen 
release adrenaline in amounts sufficient to cause vasoconstriction in the 
denervated ear. But since the normally innervated ear is much less responsive 
than the denervated ear, this mechanism would be of doubtful significance in 
the production of vasoconstriction in the normal ear already strongly vaso- 
constricted through its nerves. Alternatively, it may be that some adrenaline 
was released in his experiments, not as a result of the pyrogen but from the 
trauma of injection. This would account for the immediate constrictor 
response which was abolished by adrenal inactivation. Or again, the delayed 
response might be due not to active constriction of local blood vessels, but to 
a fall in systemic blood pressure which pyrogens are known to be capable of 
causing (Bennett & Beeson, 1950). A fall in systemic blood pressure would 
similarly account for the paradoxical effect of hexamethonium in the dener- 
vated ear, where it caused cooling rather than warming. 

A further point arising from the use of hexamethonium is its antipyretic 
action which was observed in each of the two rabbits in which it was given in 
multiple doses after pyrogen. The action might be attributed to suppression of 
vasoconstriction by hexamethonium, for it is well recognized that vaso- 
constriction normally contributes substantially to the production of fever in 
the rabbit. But other factors are involved in fever, and it does not follow that 
in the absence of vasoconstriction fever should be less. For example, the onset 
of fever was always heralded by moderate shivering, and it might be expected 
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that the enfeeblement of vasoconstrictor mechanisms in the hexamethonium- 
injected animals would be compensated for by an increase of shivering. It is 
difficult to say from observation whether shivering was increased or not after 
hexamethonium, but it was quite apparent that it was in each instance sub- 
maximal, for it did not approach the violence of the efforts made by rabbits in 
a cold environment (4° C). Perhaps the warm flush of the skin induced by 
hexamethonium prevented the full development of shivering. This, however, 
is only one of the ways in which the antipyretic action of hexamethonium 
might be explained. 
SUMMARY 

1. Experiments have been carried out to analyse the way in which a bacterial 
pyrogen causes vasoconstriction in the rabbit ear. 

2. In confirmation of work by other authors, it has been found that 
removal of the superior cervical ganglion does not materially alter the vaso- 
constrictor response. 

3. Evidence is presented that the persistence of the pyrogen effect after this 
operation is due to the continued presence in the ear of a substantial sympathe- 
tic nerve supply. 

4. After complete sympathetic denervation, i.e. removal of the stellate 
ganglion, no vasoconstrictor effect of pyrogen is observed. 

5. In normally innervated ears the pyrogen-induced vasoconstriction is 
abolished by the intravenous injection of hexamethonium. 

6. It is concluded that the vasoconstriction which occurs after an injection 
of bacterial pyrogen in the rabbit ear is effected sed by the sympathetic 
vasoconstrictor nerves in the ear. 
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SIMULTANEOUS OBSERVATIONS ON THE RATE OF URINE 
FLOW AND SPONTANEOUS UTERINE MOVEMENTS IN THE 
DOG, AND THEIR RELATIONSHIP TO POSTERIOR 
LOBE ACTIVITY 


By V. C. ABRAHAMS anp MARY PICKFORD 
From the Physiology Department, University of Edinburgh 


(Received 17 May 1954) 


For some 20 years there has been controversy regarding the active principles 
of the posterior lobe of the pituitary, whether the naturally released substance 
has multiple actions or whether there are two or more distinct hormones 
(Abel & Nagayama, 1920; Kamm, Aldrich, Grote, Rowe & Bugbee, 1928; 
Rosenfeld, 1940; van Dyke, Chow, Greep & Rothen, 1942; Zetler, 1953). 
Whatever the final decision, account must be taken of the considerable body 
of work showing the pituitary substance(s) as secreted has multiple simul- 
taneous actions, though the relative intensities of the different effects vary. 
Haterius & Ferguson (1938) and Haterius (1940), using rabbits, and Ferguson 
(1941), using cats and rabbits, showed that electrical stimulation of the 
pituitary stalk or its immediate neighbourhood caused increased uterine 
activity and antidiuresis. However, these workers did not make simultaneous 
observations on the two organs and their animals were anaesthetized. By 
means of remote-control stimulation Harris (1947) was the first to make 
observations on conscious animals (rabbits) and to note that when the 
supraoptico-hypophysial tract or the neurophypophysis was stimulated, both 
inhibition of diuresis and increased uterine activity occurred at the same time. 
This important work established that electrical stimulation at a given site 
induced simultaneous activity in different organs sensitive to different fractions 
of the product of the pars nervosa. Stimuli of a more physiological nature 
have led to the same conclusion. For instance, it has been shown that suckling, 
which involves liberation of the oxytocic fraction, also causes antidiuresis in 
rabbits, dogs, cows and the human species (Peeters, Coussens, Bouckaert & 
Oyaert, 1949; Peeters & Coussens, 1950; Cross, 1951; Kalliala & Karvonen, 
1951; Kalliala, Karvonen & Leppanen, 1952). Since the antidiuretic action 
of the oxytocic fraction itself is very low this means that there must have been 
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a simultaneous release of the pressor fraction with which the antidiuretic 
hormone is closely linked. 

This paper records the results of experiments on conscious animals made to 
determine whether procedures known to cause antidiuresis by liberation of the 
antidiuretic hormone (vasopressin) would at the same time increase uterine 
activity by the liberation of oxytocin. 


METHODS 


The experiments were made on five bitches in which the rate of urine flow and uterine activity 
were simultaneously observed. The urine was collected by means of a catheter inserted through 
the urethra into the bladder at the time of observation. All animals were given a hydrating dose 
of water at least 24 hr before observation, which was always made during the course of water 
diuresis, unless the contrary is stated. Water diuresis was induced by giving 250-400 ml. water by 
stomach tube, the volume given depending on the size of the dog. 

Operations. In all animals the perineum was slit dorsally to make the urethra easily accessible. 

Owing to its pelvic anatomy it is not possible in the bitch, as in the rabbit, to fistulate the 
vagina and insert recording apparatus into the uterus through the cervix. Therefore, in five dogs 
the upper end of one uterine horn was divided and the top of the distal stump brought through 
the antero-lateral abdominal wall and stitched to the skin. Healing was rapid and providing the 
fistula was used frequently, little difficulty was found in inserting the balloon at will. Once or 
twice subcutaneous false passages appeared, and twice, due to contraction of the ring of fibrous 
tissue at the orifice, it was necessary to make a small incision under local anaesthesia to enlarge 
the opening. 

Three of the dogs, Angela, Topsy and Lady, were ovariectomized at the time of fistulation of 
the uterus; of the other two, Darkie was ovariectomized only after a number of observations had 
been made on her, and Colleen was observed with ovaries intact. Because of uncertainty whether 
after ovariectomy the uteri would develop spontaneous activity without oestrogen administra- 
tion, two 2 mg tablets of stilboestrol were implanted subcutaneously in Angela and Topsy when 
ovariectomy was performed. The tablets were of the variety used for oral administration and were 
absorbed in less than 5 days. Lady was given a total of 5 mg stilboestrol in oil subcutaneously 
in divided doses from the second to the tenth postoperative days. Finding that spontaneous 
activity persisted without further treatment Darkie received no stilboestrol. The uterus became 
active just as in the other animals. 

Angela, Lady and Topsy were provided with left-sided carotid loops in which the sinus was 
denervated. 

Operations for section of the supraoptico-hyp l tracts were performed transorally. 

Recording of uterine contractions. A short piece of ‘steel wire with a knob at one end was bound 
to the end of fine polythene tubing so that it projected for about an inch. A small rubber balloon 
was slipped over the wire and, in turn, bound to the tube. Tubing and balloon were filled with 
0-9% NaCl solution, inserted into the uterine horn and joined to the mercury manometer designed 
by Condon (1953) for recording rat blood pressure. The pressure in the manometer was raised to 
between 25 and 30mm Hg. Providing the rubber joints were reduced to a minimum the record of 
uterine contractions showed a pressure change of 2 cm Hg for a change in volume of the system of 
0-1 ml. 

Miscellaneous. The animals were each given the same daily volume of milk and gravy. Additional 
fluid taken voluntarily in the form of water was used as a measure of the presence or otherwise of 
polyuria. This method of assessing the degree of polyuria was used rather than putting the animal 
in a metabolism cage, first because the animal with diabetes insipidus drinks so much more water 
than when it is normal that any error is insignificant unless one is interested in diabetes insipidus 
per se, and secondly, because a metabolism cage involves long periods of restricted activity with 
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no possibility of exercise unless someone is available to catheterize the animal before it is allowed 
free. 
After death serial sections of hypothalamus and pituitary were cut at 10y and five sections put 
on each slide. The slides were then stained in rotation with (a) toluidine blue, (6) protargol or 
Roger’s AgNO, stain, (c) combined chrome-alum-haematoxylin and phloxin to show Gomori 
substance. Some sections of the anterior lobe were stained with Schiff’s reagent or with Mallory’s 
trichrome stain. Sections of uteri and kidneys were stained with haematoxylin and eosin, and 
suprarenals with Sudan IV and Sudan black B for total lipids. 

The preparations of posterior lobe extract used were the ‘ Pituitrin’ (whole extract), ‘ Pitressin’ 
(vasopressor fraction) and ‘Pitocin’ (oxytocic fraction) of Parke Davis and Co. 


RESULTS 


It is probably as well to describe at once the condition of the uteri as found at 
post-mortem. So far only Lady, Darkie, Colleen and Topsy have been killed. 
Histological examination showed no sign of infection. The exteriorized horns 
looked bigger and had slightly thicker mucous and muscular coats than the 
other horns. This is probably owing to the distension suffered by repeated 
insertion of the balloons. In Darkie the surface epithelium on the side of the 
fistula was absent in places, and there were a few red blood cells in the lumen. 
In all other respects the uteri had the appearance to be expected after 
ovariectomy. 


Fig. 1. Topsy, 5 Feb. 1954. Spontaneous contractions of uterus, } actual size. 
Ovariectomized 19 Jan. 1954. Time in 1 min. 


General observations 

After inserting the balloon in the uterus the raised pressure in the manometer 
always fell slowly, presumably due to a decrease in tone of the uterine muscle. 
A steady base-line was reached in 25-35 min. Superimposed on the base-line, 
whether falling or steady, were the individual contractions. They might be 
large, 30-40 mm, or small, 3-4 mm. Large to moderate-sized contractions 
were the more common. Except in Lady once, and in Angela (Fig. 5), for a 
few days, each contraction was of short duration and was not a maintained 
alteration in tone (Fig. 1). The type of spontaneous contraction and its size 
could not be correlated with any known factors. However, under standard 
conditions of hydration, recumbency and lack of stimulation, contractions 
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were of regular pattern on any one day. Thus any change in uterine activity 
was measured with reference to the pattern on that particular day. In all 
animals on occasion, but by no means regularly, following insertion and 
distension of the balloon uterine contractions were fairly large for 10-15 min 
and then settled to a smaller size. 

In all instances this spontaneous activity developed within 3-6 days of 
ovariectomy and persisted without any oestrogen treatment save that given 
at the time of operation. In Lady and Topsy contractions were present for 
43 days when the animals were subjected to operation for section of the 
supraoptico-hypophysial tracts, and in Angela for 50 days when she fell ill 
of an undiagnosed complaint and lost weight rapidly. She was treated with 
sulphathiazole tablets and injections of penicillin and made a complete 
recovery in 3 weeks, except that the uterine contractions were small. Despite 
courses of treatment with stilboestrol the contractions did not increase in size, 
and she was no longer used for this series of experiments. In Darkie the uterus 
was active from the fifth day after ovariectomy until the twelfth when she was 
subjected to supraoptico-hypophysial tract section. The behaviour of the 
uterus after operations on the hypothalamus will be described later. 


Effect of giving fluids by mouth 

Giving fluid by mouth had no constant observable effect on size or frequency 
of uterine contractions (fifty observations). The few occasions when a change 
in activity was seen can, on the whole, be reasonably explained. For instance, 
infrequently, immediately after giving water there was increased rate of con- 
traction for 15-20 min, which can be attributed to a reflex arising from passage 
of the stomach tube and rapid distension of the stomach with water. Then, in 
Lady on two consecutive days, but in none of the other animals, giving water 
resulted in increased size of contraction for the next 2 hr. On the third day 
the administration of the same volume of 0-9°% NaCl solution had the same 
effect, so that the reponse was not specific for water. These responses of Lady 
were isolated and no explanation for them was apparent. 


Effect of intravascular injections of NaCl 

Between them Angela, Lady and Topsy received eleven intracarotid in- 
jections of 1-7m-NaCl during the course of water diuresis. The volume in- 
jected varied from 1-2 to 11 ml., and the time taken to make the injection 
from 7 to 60 sec. In every instance there followed the inhibition of urine flow 
and later recovery as described by Verney (1947) and shown by him to be 
mediated by the pars nervosa. In every instance, too, during urinary inhibition, 
and contemporaneous in onset and disappearance with it, there was an increase 
in size or frequency, or both, of uterine contraction. Fig. 2 shows that in Lady 
the inhibition of urine flow resulting from intracarotid injection of 2-4 ml. 
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1-7M-NaCl was marked and was accompanied by an increase in frequency of 
uterine contraction. Urine flow and uterine contractions showed a parallel 
return to pre-injection levels. Figs. 3 and 4 record what happened in Angela 
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Fig. 2. Effect of intracarotid injection of NaCl on urine flow and uterine motility. Lady, 23 Apr. 
1953. Upper record, urine flow. Lower record, frequency of uterine contraction. At zero 
time 350 ml. water by mouth. At A, 2:4 ml. 1-7m-NaCl solution by intracarotid injection in 
5 sec. At B, 5 mU Pitressin intravenously. At C, 5 mU Pitocin intravenously. 
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Fig. 3. Effect of intracarotid and intravenous NaCl on frequency, duration and size of uterine. 
contraction. Angela, 10 Apr. 1953. Ovariectomized 24 Feb. 1953. At A, 4 ml. 1:7mM-NaCl 
by intracarotid injection in 40 sec. At B, 4 ml. 1-7mM-NaCl intravenously in 40 sec. See also 
Fig. 4. 


on a day when she showed prolonged tonic contractions of the uterus, and 
Fig. 5 on another day when the contractions were short-lasting. Topsy’s uterus 
reacted in the same way as that of Angela and Lady to intracarotid injection 
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of 1-2 ml. 1-7m-NaCl on a day when she had not been hydrated nor given | 
water at the time of observation. The urine flow rate was initially low, 0-7 ml./ 
min, nevertheless it decreased to 0-2 ml./min. 


Time (min) 
Fig. 4. Tracings from record of uterine contractions before and after intracarotid injection of 
4 ml. 1-7m-NaCl. Angela, 10 Apr. 1953. (a) and (6) before injection, (c), (d), (e), and (/) 
20 min, 55 min, 80 min and 100 min after injection respectively. All tracings $ actual size. 
See also Fig. 3. 


Time (min) 
Fig. 5. Tracings from record of uterine contractions before and after intracarotid injection 0 
4 ml. 1-7m-NaCl in 35 sec. Angela, 13 Mar. 1953. (a) Before injection; (6) 40 min after 
injection. Tracings $ actual size. 


Amounts of 1:7m-NaCl effective by intracarotid injection had no effect on 
either urine flow or uterine activity when given intravenously. This is shown in 
Angela in Fig. 3, B. If, however, enough 1-7m-NaCl was given intravenously 
to cause antidiuresis (15-20 ml.), then also there was an increase in uterine 
motility. Sometimes, after either intravenous or intracarotid injection of NaCl 
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solutions, uterine contractions did not return completely to the pre-injection 
condition. This, however, occurred on those occasions when the urine flow also 
made only a partial recovery from inhibition for the reason that almost all 
the water given had by that time been excreted. Fig. 7 shows this in Lady 
after she had received an injection of posterior lobe extracts. It is probable, 
therefore, that at this late time in the observation the animal’s own posterior 
lobe was excreting more actively than just before the injection was given. 


Effect of intravenous injections of sucrose 

Verney (1947) has shown that both intra-arterial and intravenous injections 
of hypertonic sucrose solution result in antidiuresis due to release of 
vasopressin. 

Two observations only were made on Topsy. In one 23 ml. 0-8m-sucrose 
was injected in 14 min and was without effect on the rate of urine flow, whilst 
the rate of uterine contractions was reduced from 4 to 3 in 5 min for 25 min. 
On the other occasion 10 ml. 1-35m-sucrose was injected in 6 min and caused 
both an inhibition of urine flow and increased uterine activity which began and 


ended together. 
| Effect of acetylcholine 
This was tested in Topsy and in four dogs used in another series of experi- 
ments. As this work will be fully reported in another paper, it will only be 
stated here that on intracarotid injection of 200 ug acetylcholine there followed 
contemporaneously with inhibition and recovery of urine flow (Pickford & 
Watt, 1951) an increase and then decrease in frequency of uterine contraction. 


Effect of emotional stimuli 
Following a series of intracarotid injections of acetylcholine and other 
solutions Angela developed a dislike of the procedure. This first became 
apparent on one occasion when there was some difficulty with the injection 
which was finally not made. Nevertheless, antidiuresis resulted. (Control 
observations made by Verney (1947) and by us have shown that normally 
intracarotid injections do not of themselves cause antidiuresis.) This seemed 
an opportunity to test whether an emotional type of stimulus also caused an 
increase in uterine activity. The stimulus used was to boil the syringe in sight 
of the dog and make mock preparations for injection by holding the carotid 
loop, though the skin was not even pricked. This manoeuvre was performed 
on two occasions and was followed by urinary inhibition and increased uterine 
activity (Fig. 6). In Topsy the emotional stimulus applied was that used by 
Verney, namely, a just resented faradic stimulation of the lumbar muscles. 
Here, too, the resulting urinary inhibition was accompanied by a marked 
increase in size and frequency of uterine contraction, the time relationships 

of the urinary and uterine responses being similar. 
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Fig. 6. Effect of emotion on urine flow and uterine motility. Angela, 16 Apr. 1953. Upper 
record, urine flow. Lower record, frequency of uterine contraction. At zero time 300 ml. 
water by mouth. During period A preparations were made for an intracarotid injection which 
was not given. 


Attempted assay of the amount of active substances released 


In Fig. 2 it can be seen that 5 mU Pitressin injected intravenously at B was 
just more than enough to match the inhibition of urine flow induced by the 
intracarotid injection of 1-7m-NaCl given at A. The effect of Pitressin on the 
uterus though definite, was short-lived and not as great as that due to in- 
jection of hypertonic NaCl solution. At C (Fig. 2) 5 mU Pitocin was injected 
intravenously. This caused a transitory delay in recovery of the urine flow and 
again only a brief increase in frequency of uterine contraction. It was possible 
that full uterine activity required the presence of both posterior lobe factors, 
though there is evidence that the opposite is the case in the rabbit when large 
doses of pituitary extracts are used (Morgan, 1937; Harris, 1947, 1948), but 
5mU Pituitrin had no greater effect than the same amount of Pitocin. A 
mixture of 5mU each of Pitocin and Pitressin was no more successful in 
matching the action of injected hypertonic NaCl solution. It was found that 
in Lady (15 kg) and Angela (15 kg) the effect of intracarotid hypertonic NaCl 
solution was equated by intravenous administration of <5 mU Pitressin and 
80-100 mU Pitocin, and in Topsy (7 kg) by <5 mU Pitressin and 50-70 mU 
Pitocin. Fig. 7 shows the effect of 100 mU Pitocin on Lady. Since commercially 
prepared Pitocin is contaminated with about 5° pressor fraction some anti- 
diuresis was to be expected. 
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Observations on the anoestrous animal 


As might be expected, in the anoestrous bitch the uterus showed little 
spontaneous activity. On some days no response at all could be elicited to any 
stimulus tried. On other days, however, a little spontaneous activity was 
present, and at such times an intravenous injection of 80-100 mU Pitocin 
increased the frequency of contraction, as did also 15 ml. 1-7m-NaCl given 
intravenously, that is, the uteri of Darkie and Colleen showed exactly the same 
response to these stimuli as did those of the ovariectomized animals, though on 
a minute scale (contraction height 1-2 mm). The urinary responses were alike 
in both anoestrous and ovariectomized animals. 


Ay 


Fig. 7. Effect of intravenous Pitocin on urine flow and uterine motility. Lady, 12 May 1953. 
Upper record, urine flow. Lower record, frequency of uterine contraction. At zero time 
350 ml. water by mouth. At A, 100 mU Pitocin intravenously. 


RESPONSES OF ANIMALS AFTER OPERATIONS ON THE HYPOTHALAMUS 
In Lady, the supraoptico-hypophysial tracts were successfully sectioned so 
that she showed marked polydipsia (Fig. 8). At post-mortem examination 
the posterior lobe was atrophied. In the hypothalamus there were hardly any 
supraoptic or paraventricular cells on the right side and a considerable reduc- 
tion in their number on the left. Of the cells remaining most were empty of 
Nissl granules, though nucleus and nucleolus were well-defined and eccentric. 
In sections stained to show Gomori substance all cells seen were loaded with 
darkly staining material. Short fragments of axons in the sections were also 
deeply stained in a beaded manner similar to that described by Bargmann 
(1949) and Bargmann & Hild (1949). Topsy had two operations. In the first 
the lesion was too anterior and postoperative polydipsia was small and fleeting 
(1000 and 700 ml. on the 2 days immediately following operation). The second 
operation 4 weeks later was more successful and gave rise to moderate poly- 


dipsia (Fig. 8). At autopsy the posterior lobe was seen to be eae and 
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highly cellular. In the hypothalamus there were scarcely any supraoptic or 
paraventricular cells on the left and on the right few paraventricular but a 
moderate number of the rostral supraoptic cells. The median eminence was 
much thinner than normal. In Darkie, the lesion was in the mid- and posterior 
hypothalamus and, functionally, she had what may be termed a latent 
diabetes insipidus following a fairly long interphrase (Fig. 8). Histological 
examination showed a somewhat shrunken posterior lobe and a considerable 
reduction in the number of both supraoptic and paraventricular cells. Fig. 8 
shows the water intake of these three animals so that the behaviour of the 
uterus on any day may be related to the fluid demand. 


Water intake 
“ o 
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Fig. 8. Record of water intake of three dogs following lesions made in the hypothalamus at 
operation. A shows pre-operative range of water intake. B, day of operation. O—O, Lady 
(15 kg); —, Darkie (13-5 kg); @—@, Topsy (7 kg). 


Spontaneous uterine activity 

Fig. 9 is taken from records of uterine movements in Lady for the last day 
before and the first few days after operation. It will be seen from Fig. 8 that on 
the first postoperative day the water intake had not yet increased, and from 
Fig. 9 that uterine movements were present and of fair size. During the pre- 
liminary polyuria uterine movements almost disappeared, though the uterus 
was capable of contraction as shown by its response to 100 mU Pitocin given 
intravenously (Fig. 9, F). During the normal interphase when water intake 
was nil uterine contractions reappeared and were of moderate size, though 
irregular in timing. When the permanent polyuria set in, spontaneous uterine 
activity became minimal and irregular, and remained so for the next 30 days. 
In these records it seems as though changes in uterine behaviour slightly 
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preceded changes in water intake. This may be more apparent than real since 
on any day when uterine records were obtained the water intake for the 24 hr 
including that day was measured only the next morning. 

In Topsy similar though less striking results were obtained. For 4 days after 
the first unsuccessful operation uterine movement though infrequent and 
irregular (one contraction in 5-12 min) was of normal size. Thereafter the 
contractions returned to pre-operative frequency and regularity. After the 


Time (min) 


Fig. 9. Records of spontaneous uterine contractions before and after induction of experimental 
diabetes insipidus. Lady, ovariectomized 15 Apr. 1953. A, normal, 27 May 1953. Section 
of supraoptico-hypophysial tracts 28 May. B, 29 May; C, 30 May; D, 31 May; Z, 1 June; 
F, 1 June, 25 min after intravenous injection of 100 mU Pitocin; G, 3 June; H, 4 June; 
I, 5 June; J, 6 June; K, 7 June; L, 12 June. For water intake on these days see Fig. 8. 


Records actual size. 


second operation spontaneous activity was just present, with a contraction 
occurring about once in 5-10 min for 4 days. For the next 7 days the con- 
tractions were larger, regular and infrequent. From that time on they steadily 
declined in size and frequency. This last may well have been due to the length 
of time since ovariectomy. During the preliminary polyuria in Darkie uterine 
contractions were small and irregular. On the fifth postoperative day, when 
water intake had declined, they suddenly became large, regular and frequent. 
It was noteworthy that if she was given water at this period the rate of urine 


or 

ras 
lor 
nt 
al 
4 
; = TTS 
he 

at 
q 
e 
rh 
ly 


340 V. C. ABRAHAMS AND MARY PICKFORD 


flow never rose above 0-2 ml./min and she always became restless and apparently 
slightly distressed, as though she were suffering from water intoxication. The 
uterine contractions during the interphase were larger than at any other time. 
This phase lasted until the twelfth day when uterine contractions became small, 


infrequent and irregular, and so remained. 
Effect of oral water 

Once the interphase period had passed Lady, Topsy and Darkie reacted to 
water given by mouth in a way that had not been seen before operation, 
namely, that in about 30 min the infrequent slow small uterine contractions 
decreased still further until such time as most of the water had been excreted, 
when the rate of contraction again increased. A possible explanation of this is 
that with a reduction in amount of the posterior lobe system there was just 
enough oxytocin circulating under ordinary conditions to maintain a little 
uterine activity, but that on giving water the final stimulus to uterine move- 
ment was withdrawn. 


The effect of intravascular NaCl etc. 

"After the hypothalamic operation on Lady and Topsy neither intracarotid 
injection of 1-7m-NaCl nor of acetylcholine caused either antidiuresis or in- 
creased uterine activity. The effect of intravenous injection of 1-7mM-NaCl was 
studied 7 times on Lady. The greater volume (15-20 ml.) of NaCl injected by 
this route as compared with the intracarotid, usually led to a fleeting diuresis. 
The uterus responded by an increase in size of contraction which developed 
slowly over 20-30 min and persisted for at least 2 hr, the longest time of 
observation before the dog became restless. The uterine response to injected 
Pitocin was the same as before operation. Thus the uterus reacted to NaCl 
given intravenously, but in a manner differing from the normal in its time 
relationships and unlike its response to Pitocin, either before or after operation. 


DISCUSSION 

In this series of animals before operation on the hypothalamus any stimulus 
which caused antidiuresis also caused increased uterine activity. The stimuli 
used were emotion, intracarotid and intravenous injections of hypertonic 
NaCl and of acetylcholine, and intravenous injection of sucrose. The results 
were the same in kind, though not in degree, in both the ovariectomized bitch 
and in the anoestrous one with intact ovaries. In the former during the period 
of our observations, spontaneous uterine activity was considerable and the 
increase due to any form of stimulation marked. In the anoestrous animal 
spontaneous activity was minimal or lacking, and that due to stimulation 
correspondingly small, though unmistakable. 

In the present experiments we may safely assume that both intracarotid 
and intravenous injection of 1-7m-NaCl solutions caused antidiuresis in the 
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normal dog by means of a release of antidiuretic hormone. This is clear from 
the work of Verney (1947). It seems probable that the oxytocic effect also 
depends on posterior lobe hormone release. First, the change in uterine 
motility began and ended at the same time as changes in urine flow. Secondly, 
after diabetes insipidus was induced intracarotid injections of 1-7m-NaCl 
caused neither antidiuresis nor the characteristic increase in uterine activity. 
On a number of occasions in Lady when she was diabetic intravenous injection 
of hypertonic NaCl solutions did have an action on the uterus, but it was 
relatively slow in onset and lasted for more than 2 hr as against quick develop- 
ment and duration of 40-60 min when she was normal. It may be argued that 
with only a small part of the posterior lobe system intact and its blood supply 
perhaps disturbed as a result of operation, there might be delay in release of 
any hormone formed, but it is difficult to see why its production or presence 
should persist for so much longer than normal. Further, in the diabetic 
animal intravenous injection of 1-7m-NaCl induced no antidiuresis. Thus, it 
seems likely that the uterine effect was directly related to NaCl, or else it would 
have to be concluded that the remaining posterior lobe hormone-secreting 
tissue in the hypothalamus contained only oxytocic material. This is contrary 
to the findings of Dicker & Tyler (1953a) and of Vogt (1953) that extracts of 
dog ventral hypothalamus have considerable pressor but minimal oxytocic 
activity, though Zetler (1953) found both substances to be present, oxytocin 
being in smaller amounts than vasopressin. The special postoperative conditions 
excepted, the weight of evidence favours the idea that intravenous, like 
intracarotid, injections of hypertonic NaCl solutions affects the uterus of the 
non-diabetic animal by virtue of the release of posterior pituitary hormones. 

In the non-diabetic animals emotion had effects parallel in time on both urine 
flow and uterine movement. In the two experiments on the intravenous 
administration of sucrose, this substance only increased uterine activity on 
that occasion when it was given in concentration sufficient to cause anti- 
diuresis. There is evidence (Pickford & Watt, 1951) that both intravenous and 
intracarotid acetylcholine injections cause the release of the antidiuretic 
hormone. In the present observations it induced increased uterine activity 
parallel with antidiuresis. The action of acetylcholine will be discussed more 
fully in another paper. 

So far, these findings all lend weight to Abel’s unitary hypothesis (Abel & 
Nagayama, 1920) and are in agreement with more recent work on the simul- 
taneous onset of the various actions ascribed to different fractions of posterior 
lobe extracts, Thus Harris (1947, 1948) found on remote control stimulation 
of the stalk or pars nervosa of conscious rabbits that both antidiuresis and 
increase in uterine motility developed, and also that peristaltic movements 
became apparent. More strikingly, because the stimulus was a physiological 
one, Cross (1951) showed clearly that suckling caused antidiuresis in rabbits, 
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and gave reasons for the belief that both vasopressin and oxytocin were 
secreted. Others have found the same to be true in cows (Peeters & Coussens, 
1950) women (Kalliala & Karvonen, 1951), and bitches (Kalliala e¢ al., 1952). 
Andersson (1951) found that an antidiuresis-inducing measure, namely the 
injection of hypertonic NaCl into the carotid of goats caused milk ejection, 
but he did not at the same time note what happened to urine flow. 

In animals with experimental diabetes insipidus we found that when 
polydipsia, temporary or permanent, was present uterine contractions were 
small or absent, whilst during the normal interphase activity was present and 
marked. In one dog (Lady) during the interphase movements were less 
regular than before diabetes was induced. In Topsy and Darkie they were 
regular. The misplaced first operation in Topsy was interesting in that mild and 
transient polydipsia was associated with normal-sized, though somewhat 
irregular, uterine contractions. In Darkie, again, spontaneous uterine move- 
ment varied inversely with the urine volume, being small and irregular in the 
polydipsic phase and larger than at any other time during the prolonged 
oligodipsia. 

Thus, throughout all our observations, any measure leading to antidiuresis 
at the same time caused increased uterine activity in both normal and 
ovariectomized bitches, and in ovariectomized animals with diabetes insipidus 
the greater the 24 hr water intake the less the spontaneous uterine activity, 
and vice versa. Under ordinary conditions, i.e. ovaries intact and not in late 
pregnancy, the muscular elements of mammary glands and uterus are unlikely 
to be thrown into vigorous activity every time moderate water retention occurs 
because it is only in certain circumstances when sensitized that the contractile 
cells react energetically to posterior lobe hormones. If contractions do occur 
in the uterus they are probably too small to be noticeable. Even in our 
ovariectomized bitches there were very few occasions when the uterine con- 
tractions were great enough to make the animal perceptibly aware ngs some- 
thing was happening. 

When attempts were made to assay the quantities of active substances 
secreted, then difficulties arose in accepting Abel’s hypothesis, at least without 
modification. In all animals it appeared that the stimuli applied caused the 
release of 15-20 times as much oxytocic as antidiuretic material. Cross (1951), 
comparing antidiuresis with milk ejection following suckling in rabbits, found 
a vasopressor/oxytocic ratio of 1/100. Peeters (1950) also found a 1/100 ratio 
in cows. Using electrical stimulation in rabbits Ferguson (1941) and Harris 
(1947, 1948) observed the secretion of a substance resembling Pitocin more 
than Pitressin in its effects; the ratio Harris found being vasopressin/oxytocin 
as 1/4 to 1/10. Thus the disproportion between the two fractions secreted is not 
peculiar to one species nor to one mode of stimulation. Nor does it seem that 
the discrepancy can depend on using as standard commercially prepared beef 
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extracts. Dicker & Tyler (19530, 6) assayed rat, cat, dog and guinea-pig 
pituitaries in the same terms and found the vasopressor/oxytocic ratio in the 
dog was 1-0 and in the other species varied from 1-0 to 0-4. They also found in 
the same animals that the posterior lobe was depleted of oxytocin relative to 
vasopressin after parturition and during lactation. These last results are not 
unexpected if the natural secretion always has the composition suggested by 
the work of others and ourselves. 

On teleological grounds it could be argued that because the regulation of 
urine volume, even in pregnant and lactating animals, is demanded more 
often than either uterine contraction or milk excretion, the kidney has developed 
a greater sensitivity to posterior lobe hormones than the other two organs. 
This, however, does not explain how the gland containing these substances in 
a 1/1 ratio as far as we can tell with the methods used, releases them simul- 
taneously in anything from a 1/4 to 1/100 ratio. One possibility is that although 
the stored material in the gland appears microscopically uniform yet, actually 
the active substances are largely separate from each other, occurring either in 
different parts of the gland or different parts of the same cell, or that their 
release is controlled by separate nerve fibres. The two substances cannot be 
completely independent since the production of one is always accompanied 
by production of the other, with oxytocin predominating. In séveral species 
the ratio of vasopressor to oxytocic activity is greater in hypothalamic than in 
posterior lobe extracts (Dicker & Tyler, 1953a; Vogt, 1953; Zetler, 1953). 
Does this mean that in these species more or less of the vasopressin present in 
the gland is converted to oxytocin at the moment of stimulation? It is difficult 
to see how this could be, but if no such conversion occurs and unless there are 
but few fibres controlling vasopressin as compared with oxytocin output, it 
might be expected in the experiments of Ferguson (1941) and Harris (1947, 
1948) that electrical stimulation, by affecting all nerve fibres, would cause 
release of equal amounts of both hormones. 

That the disproportion between vasopressin and oxytocin, though always 
present, can vary so greatly may depend on the species of animal or on the 
type of stimulus. Harris (1948) used electrical stimulation and found a vaso- 
pressor/oxytocic ratio of 1/4 to 1/10. Cross (1951) designed his experiments 
specifically to cause the release of oxytocin, noted that antidiuresis also 
occurred, and found a ratio of 1/100. We designed our experiments to cause 
the release of vasopressin, noted that oxytocic effects were seen at the same 
time, and found a vasopressor/oxytocic ratio of 1/15 to 1/20. 

So far no results give decisive evidence for or against Abel’s unitary 
hypothesis (Abel & Nagayama, 1920). 

The observation that spontaneous uterine activity is markedly decreased 
when polydipsia is present after operation for the production of diabetes 
insipidus raises questions as to the part played by oxytocin in maintaining the 
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uterus in a reactive condition. That operation in the hypothalamic area caused 
the observed decrease in uterine activity is negatived by the misplaced opera- 
tion in Topsy, which had no depressing effect, and the fact that the uterus, 
like the urine output, had a phase of apparent normality between the two 
polydipsic phases. There seem to be four possibilities to account for the findings. 
First, that the posterior lobe is directly responsible for maintaining spontaneous 
activity in the uterus; secondly, that some interplay between oxytocin and 
gonadotrophins is essential; thirdly, that the importance of the posterior lobe 
lies in its control over electrolyte balance; and fourthly, that operation for the 
induction of diabetes insipidus at the same time interferes with anterior lobe 
function, with all the sequelae that that implies. Concerning the first possibility, 
it is unknown whether oxytocin sensitizes uterine muscle to the action of 
gonadotrophins, or the reverse, or whether these substances are equal partners. 
Further, it is even questioned whether oxytocin is necessary for normal 
parturition. References on this subject may be found in Reynolds (1949). 
Some information may be obtained from work now in progress to test whether 
uterine activity appears after ovariectomy in animals first made diabetic. 
Regarding the third alternative, it is known that uterine activity is altered by 
a changed electrolyte balance (Reynolds, 1949, 1951). In one set of observa- 
tions on Lady in the diabetic state intravenous injection of 1-7m-NaCl in- 
creased uterine activity, though in a manner different from that seen when she 
was normal. This experiment is being repeated, but results are not yet available. 
The effect of NaCl may be a direct one, or a general electrolyte disturbance may 
act through the adrenal cortex. In a recent paper Jones & Wright (1954) 
describe changes they noted in the histological pattern of rat cortices after 
diabetes insipidus of 4~6 months’ duration. Deane (1950) also found adrenal 
cortical changes, but not until diabetes had been present for more than 
2 months. These late effects make it difficult, though not impossible, to assign 
to the adrenal cortex the cause of the immediate postoperative changes in 
uterine behaviour. Concerning the last possibility, that operation may affect 
the anterior lobe, Jones & Wright (1954) state that at the time when the 
adrenal cortical changes were present the body and organ weights of their 
animals were normal and that the females had normal oestrous cycles. We 
noted no abnormality in the adrenals of our dogs, either in breadth of 
zones, or in lipoid distribution. Further, the anterior pituitary appeared 
histologically normal. Thus, evidence is lacking that anterior lobe dysfunction 
is responsible for the rapid changes in uterine behaviour. The problem of the 
role of the posterior lobe hormone in maintaining the uterus active needs 
further analysis. 

No attempt was made to study the function of the uterine nerves in relation 
to the results. 
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SUMMARY 


1. Simultaneous observations on urine flow and uteriné movements were 
made on conscious dogs provided with a fistula of one uterine horn. 

2. Stimuli such as emotion, the intracarotid or intravenous injection of 
hypertonic NaCl solutions or of acetylcholine, and intravenous sucrose 
solutions, all of which inhibit water diuresis by liberation of posterior lobe 
antidiuretic hormone, also caused increased uterine activity which was 
co-terminous with the antidiuresis. 

3. The results of stimulation were the same in both normal anoestrous and 
ovariectomized bitches. In the latter uterine activity was far greater than in 
the former providing observations were made in the few weeks following 
ovariectomy. 

4. Reasons are given for the belief that the effects on the uterus are owing 
to liberation of the oxytocic factor of the posterior pituitary. 

5. In order to simulate the effects of stimulation on the uterus and urine 
flow it was necessary to inject intravenously <5 mU commercial pressor 
extract and 15-20 times more than this of oxytocic extract. 

6. When experimental diabetes insipidus was induced uterine activity was 
nil or minimal during the polyuric phases and well marked during the interphase. 

7. When diabetes insipidus was present intravenous injection of hypertonic 
NaCl solutions caused no antidiuresis, but did cause an increase in uterine 
activity which differed in its time course from that seen in normal animals. 

8. The results are discussed with particular reference to the disproportion 
between the amounts of vasopressor and oxytocic factors liberated relative 
to those found in the gland, and to the dependence of uterine motility on the 
presence of oxytocin. 
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It is now well known that there is no single body temperature and that the 
temperature of different tissues may vary widely. Nevertheless, the relative 
constancy of temperatures recorded in the mouth, rectum and axilla suggests 
that there may be a temperature in the body which is finely regulated. This 
temperature is, presumably, that existing at the central temperature receptors, 
but the precise location of these structures in man remains unknown. Infor- 
mation about this temperature and its changes in response to changes in body 
heat will therefore continue to be sought from convenient orifices such as the 
mouth, oesophagus and rectum. This paper compares the temperatures at these 
sites in man, and the ways in which they are affected by changes in conditions 
that occur commonly in experiments. 


METHODS 

Temperature was measured every minute with copper-constantan wire thermocouples (copper 
gauge 36, constantan gauge 34). The wires were contained in polythene tubing of 1-5 mm external 
diameter with the junction either enclosed within the tubing or protruding a few mm beyond its 
end. For measuring rectal temperature a hollow bulb was constructed of thin silver 4 cm in length 
and 1-8 cm in diameter; a copper-constantan junction was soldered to the inside of the bulb. The 
bulb was attached to polythene tubing 3-0 mm in external diameter which contained the wire 
leads and steel wire to reduce its flexibility. In the mouth, in the rectum or in a water-bath the 
behaviour of the bulb was identical with that of a wire thermocouple. In a water-bath the thermo- 
couples responded more rapidly than a mercury thermometer, and the readings corresponded 
within 0-03° C. The largest difference observed between a thermocouple and a mercury thermo- 
meter in the mouth was 0-05° C, and this msy have been partly due to slight differences in position 
of the instruments. 

The reference junction was contained in a paraffin-filled Thermos flask which remained immersed 
in a thermostatically controlled water-bath at 35° C. Under these circumstances variations in the 
reference temperature did not exceed 0-02°C during any experiment. The circuit included a re- 
sistance of 100, a moving-coil galvanometer and a switch-board so constructed that all its con- 
tacts were of copper or constantan for the appropriate thermocouple wires. Additional junctions 
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were unavoidably included with the brass connexions to the 100 resistance and the galvano- 
meter, but the thermoelectric potentials arising in them were small. Increasing the room tempera- 
ture by 1°C produced a false reduction of temperature readings from the thermocouples of 
0-05° C. The galvanometer produced a full response in 7 sec and a scale deflexion of about 36 mm 
for each degree centigrade temperature change so that a deflexion equivalent to 0-015° C was 
measurable. Calibrations with a mercury thermometer confirmed that relatively rapid changes of 
0-015° C could be measured; calibrations at the same room temperature were identical and were 
not repeated before each experiment. The room temperature did not change by more than 1° C 
during any one experiment. 

The oral thermocouple was inserted under the tongue and the subject instructed not to move the 
tongue away from the floor of the mouth; the lips were then sealed with adhesive tape. The tip of 
the bulb thermocouple was introduced 10-15 cm beyond the anus. By ite intimate contact with 
the whole circumference of the rectal mucosa it was hoped to avoid interference by faeces and to 
integrate to some extent the temperature differences at various sites described by Mead & 
Bonmarito (1949). The oesophageal junction was swallowed to a distance of 47 cm from the lips. 
Radiological examination showed that in this position the thermocouple tip lay immediately 
above the cardiac sphincter. A steady state of temperature was usually obtained 5 min after 
insertion of the rectal and oesophageal thermocouples. In the mouth a steady temperature 
record was not obtained until the junction had been in place for 10-20 min. 

In some experiments changes in cutaneous vasomotor tone were followed with the hand calori- 
meter described by Greenfield & Scarborough (1949). 

Where mean figures are quoted, they are accompanied by their standard errors. 


RESULTS 
Comparison of temperatures under the tongue, in the oesophagus and rectum 
In ninety-three experiments on forty seated subjects at room temperatures 
of 19-24° C, in the different experiments simultaneous sublingual and rectal 
temperatures were compared over a stable 10 min period. Sublingual tempera- 
ture was always lower than rectal temperature, the mean difference being 
0-35 + 0-01° C. In twenty-four observations on seven subjects, the oesophageal 
temperature 47 cm from the lips was 0-09 + 0-015° C higher than the sublingual, 
and 0-24 +0-02° C lower than the rectal temperature. Fig. 1 illustrates the 
considerable temperature gradient along the length of the oesophagus. The 
initial temp erature record is from the oesophagus at a point 50 cm from the lips 
and, after attaining a steady temperature, the thermocouple is withdrawn in 
five steps of 5 cm each. The temperature is seen to fall as the thermocouple 
ascends the oesophagus until at a position 25 cm from the lips the temperature 
is 0-37° C lower than that at the original depth. Similar results were obtained 
in two further subjects although the temperature changes between 50 and 
35 cm were variable. In seven experiments on three subjects, temperature 
was measured in the oesophagus at 47 cm and 30 cm from the lips; in all it was 
found to be lower at the 30 cm level, with a mean difference of 0-49 + 0-05° C. 


Temperature changes at rest 


In subjects quietly seated in constant environmental conditions, the 
temperature at all sites tended to fall slowly. In eleven subjects the difference 
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between the initial and final temperatures was found in twenty-five basal 
periods, lasting from 30 to 70 min. The sublingual temperature rose by 0-02 
to 0-12° C in eight experiments, in only three of which did the rise exceed 
0-05° C: In three cases the temperature did not change but in the remainder 
it fell; the largest fall was 0-42° C. The rectal temperature rose in one experi- 
ment by 014° C and in two cases by 0-02° C. There was no change in one in- 
stance and in the remainder the temperature fell; the largest fall was 0-61° C. 

Temporary fluctuations in sublingual and rectal temperatures were rare 
and always less than 0-06° C. The temperature in the oesophagus showed larger 
fluctuations, and although the lips were sealed fell by a maximum of 014° C 
with swallowing and rose by 0-06° C with eructation. 


50 45 40 35 30 | 25 
37% 
Rectal 
Oral 
Oesophageal 
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0 1 30 


Minutes 
Fig. 1. The temperature gradient along the oesophagus. The tip of the thermocouple was with- 
drawn in steps, and its distance from the lips in cm is indicated by the figures above the 
graph. The abscissa represents time in minutes and the ordinate temperature in °C. 


Postural changes 
The effect on temperature of changes in posture was observed in six experi- 
ments on three subjects. The subject remained standing, without support until 
temperatures had attained a steady state, and then he lay down. After 
30-45 min in the horizontal position he resumed a standing posture. Fig. 2 
gives a typical example. The subject was initially standing upright, and lay 
down at the 19th min. There was a parallel fall of about 0-4° C in tempera- 


J 

> 
a 


350 W. I. CRANSTON, J. GERBRANDY AND E. 8S. SNELL 


tures. On standing up again at the 64th min the temperatures rose, the oral 
more steeply than the rectal, ultimately reaching levels similar to their original 
ones. In all cases there was a rapid fall of oral and rectal temperatures on 
lying down; the sublingual fall ranged from 0-21 to 0-63° C and the rectal 
from 0-25 to 0-63° C. In the horizontal position a stable temperature was 
not usually reached within the experimental period. In three of these experi- 
ments temperature measurements were continued for at least 30 min after the 
subject stood up again. In all cases a gradual rise in temperature was noted 
but a stable level was not always attained during the period of observation. 


37°75 
375 

Oral 
37-25} 
370 
3675 
i i i L l 
0 20 40 60 80 100 120 
Minutes 
Fig. 2. Oral and rectal temperatures during change of posture. The symbols indicate 
the position of the subject. 


Oesophageal temperature was measured in three experiments and behaved in 
the same way as the sublingual. Heat elimination from the hand was also 
followed during these experiments; it fell progressively on lying down with a 
further temporary fall on standing up again. 


The influence of a general cutaneous vasoconstriction and vasodilatation 
In five experiments on three subjects the effect on the sublingual temperature 
was observed of a stimulus provoking reflex cutaneous vasoconstriction. The 
right forearm was placed in a water-bath at 37° C to prevent heat loss from 
that limb. When temperatures and heat elimination from the other hand were 
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stable, a cuff around the upper part of the immersed arm was inflated to 
200 mm Hg; this arm was then transferred to a bath at 12-14° C where it 
remained for at least 10 min. In all experiments the heat elimination from the 
other hand fell sharply and the sublingual temperature rose by 0-03-0-11° C; 
in two instances there was an initial small fall in temperature of 0-02 and 
0-03° C lasting for 2 min. Fig. 3 illustrates a typical experiment and shows the 
fall of heat elimination and the rise of the sublingual temperature after the 
cold stimulus. On release of the cuff there is a profound fall in sublingual 
temperature and a further fall of heat elimination. The effect of this procedure 
on heat elimination was the same as that observed by Pickering (1932). 
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Fig. 3. Response of oral and rectal temperatures and heat elimination from the left hand to a 
stimulus provoking reflex cutaneous vasoconstriction. During the period A, the right arm 
was immersed to the elbow in a water-bath at 37° C. At X a cuff around the right upper arm 
was inflated to 200 mm Hg and the arm was transferred to a bath at 13° C where it remained 
during the period B. At Y the cuff was deflated. 


In connexion with other work we have observed the rise in sublingual and 
rectal temperature after an intravenous injection of bacterial pyrogen in 
twenty-eight experiments on fifteen subjects. During the rise of rectal 
temperature and phase of intense cutaneous vasoconstriction, the sublingual 
temperature usually showed a parallel rise, but in five experiments it fell. In 
two of these experiments the oesophageal temperature was also followed and 
rose during the fall in sublingual temperature. We are satisfied that these falls 
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in sublingual temperature were not caused by displacement of the thermo- 
couple. The falls ranged from 0-61 to 1-56° C. They began 8-22 min and reached 
their lowest levels 24—42 min after the onset of the cutaneous vasoconstriction. 
In these instances the fall in sublingual temperature must be considered to be 
due to a greatly diminished oral blood flow over a long period. 

Kerslake & Cooper (1950) have shown that radiant heat applied to a large 
area of skin produces a cutaneous vasodilatation mediated by cutaneous 
receptors. They further observed that this manoeuvre caused a fall in oral 
temperature (Cooper & Kerslake, 1948). We have repeated their observations 
in three subjects. In four experiments of this nature when the skin of the 
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Fig. 4. Response of oral, rectal and oesophageal temperatures and heat 
elimination from the hand to exposure of the trunk to radiant heat. 


trunk was exposed to a radiant heat cradle, the oral temperature fell by 0-03 
to 0-10° C during the first 10 min after switching on the heat cradle and while 
the heat elimination was rising. Fig. 4 shows a typical example, and it can be 
seen that the temperature in the oesophagus 47 cm from the lips responded in 
a very similar fashion to the oral temperature. The response of oral temperature 
during reflex cutaneous vasodilatation and vasoconstriction may be inter- 
preted as reflecting the changes in total body heat secondary to increase or 
decrease of total heat loss through the skin. 
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The effects of hyperventilation on temperature 

In eight experiments on five subjects maximal hyperventilation through the 
nose was carried out with room air for 1-3 min whilst the sublingual tempera- 
ture was measured. The temperature fell in each case, the fall ranging from 
0-04 to 0-19°C. In three of these experiments the rectal temperature was 
recorded and fell by 0-05° C in each case. On one occasion the temperature 
was measured both above and below the tongue. The supralingual temperature 
fell by 0°5° C and the sublingual by 0-05° C. The fall in rectal temperature 
during hyperventilation suggests that cooling occurs throughout the body and 


that the fall in sublingual temperature is due only partly to local cooling in the 
mouth. 
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Fig. 5. The first part of the figure shows the response of oesophageal and rectal temperatures to 
hyperventilation for 5 min with air at 39 to 40° C saturated with water vapour. The second 
part shows a similar period of hyperventilation with room air at 23 to 24°C. Periods of 
hyperventilation are represented by solid blocks. 


During hyperventilation we have observed, as have others (Bolton, Car- 
michael & Stiirup, 1936), a cutaneous vasoconstriction as indicated by a fall 
in heat elimination from the hand. To confirm that the vasoconstriction is due 
to factors other than the fall in body temperature, the effect was observed of 
hyperventilation with water-saturated air at about body temperature. Fig. 5 
illustrates an experiment in which the subject carried out maximal hyper- 
ventilation firstly with air at 39-40°C saturated with water vapour and 
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secondly with room air at 23-24°C. In both experiments a marked fall in 
heat elimination occurred; in the first experiment rectal and oesophageal 
temperatures rose by 0-09 and 0-15° C respectively, whereas in the second the 
temperatures fell by 0-11 and 0-21° C respectively. This result agrees with the 
findings of Bolton et al. (1936) that the cutaneous vasoconstriction is unrelated 
to a fall in body temperature. 


ly 
372 
360+ 
L i i j 


Minutes 


Fig. 6. The response of oesophageal temperature to hyperventilation. The figures above the 
graph indicate the position of the thermocouple in cm from the Jips. Periods of hyperventila- 
tion for 30 sec are shown by the arrows. 


Fig. 6 illustrates an experiment in which the thermocouple was introduced 
down the oesophagus to a depth of 60 cm from the lips and then withdrawn 
5 cm at a time in eight steps. At each level hyperventilation with room air was 
performed for periods of 30 sec. At a depth of 60 cm the thermocouple junction 
registered a fall of 0-06° C during hyperventilation, with similar falls at 55, 50 
and 45 cm. The temperature fall at 40 cm from the lips was 0-10° C, and in- 
creased to 0-28° C at 35 cm, 0-22° C at 30 cm and 0-39° C at 25 cm. Radiological 
examination showed that in this subject the trachea was in apposition to the 
oesophagus as far as a point 34 cm from the lips. This behaviour of temperature 
in the upper part of the oesophagus may be influenced by its contiguity with 
the trachea. 

The influence of muscular activity 

Sublingual, oesophageal and rectal temperatures were recorded during 

rhythmical tensing of the thigh and leg muscles, carried out vigorously but 
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without moving the limbs, at rates of 20-30 contractions per minute for 
2-5 min. Six experiments on three subjects produced falls in sublingual 
temperatures ranging from 0-08 to 0-22°C. In one experiment the rectal 
temperature rose 0-03° C and in one it remained unchanged; the remainder 
showed falls ranging from 0-06 to 0-10° C. The oesophageal temperature in four 
of the experiments on two subjects fell by 0-20-0-33° C0. In four of the 
experiments the heat elimination from the hand was measured and, although 
it was initially low in all, it fell further, indicating a cutaneous vasoconstriction. 


DISCUSSION 

The temperature of a tissue depends on the temperature of the arterial blood 
delivered to it, the local heat production, the heat exchange with its sur- 
roundings and the rate of blood flow through it. These are the variables that 
may be presumed to determine the relationship one to another of the different 
tissue temperatures and their responses to experimental interference. The 
occasional finding of a fall in sublingual temperature during the onset of fever, 
whilst temperatures elsewhere were rising, can be reasonably explained only 
by a profound reduction of blood flow through the mouth. Sublingual 
temperature was not disturbed in this manner by stimuli producing more 
moderate cutaneous vasoconstriction or vasodilatation, although it is by no 
means certain that there was an associated change in oral blood flow. Grayson 
(1951) has adduced evidence that temperature in the rectum may be influenced 
by the rate of blood flow through it so that even in this structure changes in 
the temperature recorded may result from alterations in blood flow alone. 

In the resting subject rectal temperature is higher than oesophageal which 
in turn is higher than oral. Tanner (1951) reported a temperature difference 
between the mouth and rectum of 0-395 +0-02° C; our findings are in close 
agreement. The fact that there are different opportunities for heat loss from 
these two sites does not fully explain their temperature difference. There are 
indeed three series of observations indicating that rectal temperature is 
governed by factors which have not hitherto been widely appreciated. In the 
first place, the temperature measured simultaneously at different sites in the 
rectum has been found to vary by as much as 1-5° F (Mead & Bonmarito, 
1949). This suggests that the temperature may be influenced by the surrounding 
structures. Secondly, rectal temperature has been shown in animals to be 0-22 
and 0-21° C higher than the temperature in the left atrium and pulmonary 
artery respectively (Mather, Nahas & Hemingway, 1953); in man the tempera- 
ture in the right ventricle was very similar to that in the femoral artery but 
these temperatures were 0-23 + 0-035° C lower than in the rectum (Kichna, 
Berger, Rader & Becker, 1951). It must be supposed that local heat production 
in the rectum or adjacent tissues is an important factor, or, alternatively, that 
the arterial blood supplying it must previously have been in contact with 
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structures at a higher temperature. Thirdly, it has been found (Gerbrandy, 
Snell & Cranston, to be published) that induced changes in total body heat are 
reflected more quickly and more regularly by sublingual temperature than by 
rectal temperatures. The variations in cutaneous vasomotor tone are also 
correlated more highly with changes in oral temperature than with temperature 
changes in the rectum. These are very strong grounds for considering the rectal 
temperature to be a poor guide to the temperature elsewhere in the body and 
particularly to changes occurring at the central temperature receptors; in the 
latter respect rectal is certainly inferior to sublingual temperature. 

Mild exercise without change in position leads to a fall of rectal, oesophageal 
and mouth temperature and to a fall in heat elimination from the hand. That 
an increase in total heat production and apparent decrease in total heat loss 
from the body should result in a fall in these temperatures is paradoxical. But 
there is a considerable increase in blood flow through the active muscles, with 
transfer of heat from the blood to the relatively cool muscles. A redistribution 
of body heat may accordingly account for the falls in oral, oesophageal and 
rectal temperatures in the early stages of exercise. 

Temperature changes induced by posture are not so easily explained. 
Similar postural changes in rectal temperature were described by Kleitman & 
Doktorsky (1933) which they ascribed to alterations in heat production. 
Oxygen consumption in young women was shown to be approximately 16°%, 
greater standing than lying (Tepper & Hellebrandt, 1938) which appears in- 
sufficient to account for the magnitude and rapidity of the temperature 
changes. On lying down, there is an increased return of cool venous blood 
from the legs and on standing there is not only a decreased venous return but 
a reduction of heat loss from the legs consequent upon cutaneous vasocon- 
striction. The temperature changes may be related to these and other circulatory 
readjustments. 

The effects of heat loss to the respired air are clearly shown by the over- 
breathing experiments. The fall in temperature in the upper part of the 
oesophagus was greater than that in its lower reaches. If the explanation of 
this temperature difference is found in the relationship of oesophagus to 
trachea, then it suggests that heat exchange may occur readily through the 
wall of the oesophagus. This raises the interesting possibility that temperature 
measurements of the aorta, left auricle and ventricle may be obtained from those 
parts of the oesophagus with which they are in close contact. The temperature 
difference between the lower oesophagus and rectum was found to be 0-24 + 
0-02° C which bears a close comparison with the finding (Eichna et al. 1951) 
that in man the rectal temperature was 0-23 + 0-035° C higher than temperature 
in the right ventricle. As Bolton et al. (1936) showed, deep breathing is ac- 
companied by a reduced skin blood flow that is independent of changes in 
body temperature. When the inspired air was at 37-38°C the cutaneous 
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vasoconstriction was accompanied by an increase in oesophageal and rectal 
temperature. 

It was frequently observed that strong sensory or emotional stimuli pro- 
duced small transient falls in sublingual and rectal temperatures with reduction 
of heat elimination from the hand. These stimuli may cause hyperventilation 
or involuntary increase in muscle tone, and either or both of these factors may 
be responsible for the findings. 

SUMMARY 


1. In normal subjects at rest at room temperature of 19-24°C rectal 
temperature is 0-35 +0-01° C higher than sublingual temperature when the 
lips are sealed. 

2. Oesophageal temperature falls progressively from cardia to mouth, the 
chief change occurring at about 30 cm. Below this level oesophageal is inter- 
mediate between sublingual and rectal temperature. 

3. Hyperventilation produces only a slight fall in rectal and sublingual 
temperatures but much greater falls in supralingual temperature and tempera- 
ture measured in the oesophagus as far as the bifurcation of the trachea. 
The accompanying cutaneous vasoconstriction is not due to the fall of body 
temperature. 

4. Standing is accompanied by a rise, lying by a fall in rectal, oesophageal 
and sublingual temperature. 

5. Tensing of the leg muscles produces a fall in rectal, oesophageal and sub- 
lingual temperatures and a small vasoconstriction in the hand. 

6. Mouth temperature rises during the transient vasoconstriction induced 
reflexly by cooling the skin; it falls sometimes during a powerful and persistent 

cutaneous vasoconstriction in the early stages of a pyrogenic reaction. 


We are indebted to Prof. G. W. Pickering for his continued encouragement and valuable advice, 
and to Mr W. Cook and Mr W. Brough for technical assistance. 
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According to the intermediate compound hypothesis (Adair, 1925) the equili- 
brium between oxygen and haemoglobin is expressible by the equation 
y’ K,p+2K,K,p* + 3K,K,K,p* + 4K, K,K,K,p* 
where y=fractional saturation of haemoglobin with oxygen, 
y’ = percentage saturation of haemoglobin with oxygen, 
p=oxygen pressure, 
K,, K,, K, and K, are the respective equilibrium constants of the inter- 
mediate reactions Hb,+0O,—Hb,0,, Hb,O,+0,—Hb,0,, Hb,O,+ 
O,=Hb,0,, Hb,O, + 0,=—Hb,0,. 
Similarly for the equilibrium between carbon monoxide and haemoglobin 
100 4 1, L,1,9° +L, 
where z =fractional saturation of haemoglobin with carbon monoxide, 
2’ = percentage saturation of haemoglobin with carbon monoxide, 
q =carbon monoxide pressure, 


L,, L,, I, and L, are the respective equilibrium constants of the corre- 
sponding intermediate reactions Hb,+CO=Hb,(CO), Hb,CO+ 
CO=Hb,(CO),, etc. 


In most of the previous studies on the oxygen-haemoglobin equilibrium it has 


however, the various equilibrium measurements have usually been accurate 
only to within 1-2% saturation at best and under these circumstances it has 
been found that many widely varying sets of values for the intermediate con- 
stants give equally satisfactory agreement between calculated and observed 
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results (Forbes & Roughton, 1931; Forbes, 1931; Roughton, 1949). A satis- 
factory analysis of these important equilibria on the basis of the intermediate 
compound hypothesis has therefore had to be deferred until the development 
of new methods of experimental and theoretical attack during the past five 
years, 

At very low values of y and p the terms involving p* and higher powers of p 
in equation (1) should become negligible and equation (1), as Forbes & 
Roughton (1931) have pointed out, should reduce to a simpler form, involving 
only the first intermediate constant, 1.e. 


4 Kip 

4(1+K,p) (°) 
By means of special technique Paul & Roughton (1951) have recently claimed 
an accuracy of +0-05°% saturation in the range 0-2°% saturation of haemo- 
globin with oxygen (i.e. 0-2% O,Hb). From equilibrium studies in this range 
they have sought to estimate K, directly by applying equation (3) to their 
data. Subsequent work in our laboratory, to be reported in detail in a later 
paper (Otis, Roughton & Lyster), has, however, brought to light two systematic 
errors in Paul & Roughton’s work (1951) on haemoglobin solution at pH 9:1. 

(i) At the values of y’ used in their calculations (i.e. 1-0—-1-5° O,Hb) the p’? 
terms in equation (1) are not, in point of fact, negligible: on this account, their 
values of K, would be 10-15% too high. 

(u) Addition of neutral K, Fe(CN), to haemoglobin-borate solutions at 
pH 9-1 in the Van Slyke apparatus, as in Paul & Roughton’s technique, is 
found not to liberate quite all the combined oxygen at pH 9-1 even though, in 
confirmation of the work of Courtice & Douglas (1947), no evidence of pro- 
longed uptake of the evolved oxygen in secondary oxidation processes could be 
detected. This source of error is proportionately much larger at low than at 
high values of y’—thus for values of y’ in the range 1-0-1-5% O,Hb, the 
calculated values of K, might on this account be as much as 25% too low. 
The combined effect of these two opposite errors at pH 9-1 is to make the 
values of K, given by Paul & Roughton about 10% too low. At pH 7-1, on 
the other hand, their values for K, are not significantly in error from these 
sources since the effect of neglecting the p? terms is found to be only about one- 
third as great as at pH 9-1; furthermore, in the pH range 7-0-7-5, the combined 
oxygen is found to be completely liberated by ferricyanide in the Van Slyke 
apparatus. 

The object of the present paper, which is a sequel to that of Paul & Roughton, 
was to investigate in a similar fashion the extreme top of the dissociation 
curve (i.e. the range 98-100 °% saturation) in the hope thereby of determining 
approximately the value of the equilibrium constant of the fourth and final 
member of the chain of intermediate reactions. In the case of the oxygen 
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equilibrium this would have meant working at too high oxygen pressures to 
permit of sufficiently accurate corrections for the amounts of oxygen in 
physical solution. By reverting to the carbon monoxide reaction, however, 
this difficulty is greatly reduced since the pressures of CO required to produce 
a given saturation of haemoglobin are only from 1/200 to 1/300 of the corre- 
sponding pressures of oxygen. A new technique has accordingly been developed 
for the study of the carbon monoxide-haemoglobin equilibrium in the range 
98-99-5°%, saturation, to an accuracy of 0-05-0-1% saturation. If, in this 
range, terms involving g* and lower powers of ¢ could be neglected, equation 
(2) would reduce to the form 


100 ~ 42, +42, Ly ly 

(4) 
Actually it has not yet proved feasible to work at high enough values of g for 
equation (4) to be realized. Approximate values of LZ, can, however, be obtained 
by extrapolating from two or more points in the 99-0-99-5 % saturation range. 
Details of a suitable extrapolation procedure, to which Dr J. T. Edsall* kindly 
drew my attention, are given later in this paper. The values of Z,, as thus 
estimated, are within 10°,—on the average—of the values obtained by a more 
fundamental (though more cumbrous) method of calculation, to be described 
in a later paper by Otis, Roughton & Lyster. 

When blood or haemoglobin is equilibrated with mixtures of oxygen and 
carbon monoxide at such pressures that the amount of reduced haemoglobin 
is negligible (i.e. below 0-1°%,) the proportion of COHb to O,Hb is given by 
the equation 


whence 


[(COHb] Mpco 
[O,Hb] Po, 
2 _Mq 
y Pp 


where M is the equilibrium constant of the reaction, and is readily determined 
by separate experiments. A convenient method for estimating M is described 
later. This equation will be referred to as Haldane’s first principle. 

If equation (5) is exactly true for all values of p and q then, as shown in the 


1,=MK, 
At the very top of the dissociation curve, where equation (4) should be valid 
(i.e. above 99-9% saturation), the value of p corresponding to a given value 


? This procedure has just been described in detail (Edsall, Felsenfeld, Goodman & Gurd, 1954) 
in a paper published at the time the present paper was submitted for publication. 
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of y (in absence of CO), should therefore be exactly M times the value of ¢ 
corresponding to the same value of z (in absence of Q,). If this equivalence 
between Mg and p could be extended to the range 99-0-99-5% saturation, 
then from the precise data in this paper on the carboxyhaemoglobin dissocia- 
tion curve in this range it should be possible to obtain equally good data on 
the oxyhaemoglobin dissociation curve in the same range, merely by multi- 
plying the measured values of g by M. This procedure seems, according to tests 
given later in this paper, to be valid at pH 9-1 and hence is being extensively 
used in our current work on the estimation of the four intermediate equilibrium 
constants K,, K,, K, and K, of the oxyhaemoglobin dissociation curve. At 
pH 7-1, unfortunately, the value of Mq in the range 99-0-99-5% saturation 
appears to be about twice that of p, and the results of the present work are 
therefore only applicable, at physiological pH, to the interpretation of the 
carboxyhaemoglobin dissociation curve and not to the oxyhaemoglobin dis- 
sociation curve as well. The discrepancy between Mg and p, under these 
conditions, contradicts the original idea of Haldane which may be referred to 
as Haldane’s second principle, namely that the dissociation curve of oxyhae- 
moglobin (in absence of CO) can be made to coincide over its whole range with 
the dissociation curve of carboxyhaemoglobin (in absence of O,) merely by 
altering the scale of the gas pressures M-fold. The reasons for this failure of 
Haldane’s second principle are considered in the Discussion. 

Since our chief current objective in haemoglobin equilibrium studies is the 
quantitative interpretation of the oxygen dissociation curve, most of the 
present work has been done in borate buffer (0-2 m total borate) at pH 9-1. 
Solutions of sheep haemoglobin, at a concentration of 3-4 g Hb/100 ml., have 
been mainly used, for the reasons previously given by Paul & Roughton (1951). 


EXPERIMENTAL METHODS 
The determination of the equilibrium in the range 98-100°% COHb 

Principle of the method 

15-30 ml. of the haemoglobin solution (usually in 0-2m-borate buffer 
pH 9-1) are first equilibrated in the dark with oxygen-free carbon monoxide 
at 1 atm pressure so as to saturate the solution completely with CO. A measured 
volume of this solution (e.g. 5-15 ml.) is then at once transferred to the vacuous 
chamber of a Van Slyke-Harington gasometric apparatus (Fig. 1, A) and shaken 
im vacuo in the dark for 10 min at 19° C with the mercury at the 50 ml. mark. 
The effect of this shaking is to reduce the pressure of dissolved CO to a small 
but accurately calculable amount (i.e. 2-7 mm Hg, see below), whereas the 
haemoglobin still remains at least 99-95°/ saturated with CO. The extracted 
gas is then completely removed from the Van Slyke-Harington chamber by a 
special technique (see below), which avoids reabsorption of any CO during its 
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removal. The mercury is once more lowered to the 50 ml. mark and the haemo- 
globin solution shaken in the dark in vacuo for a further period varying from 
30 min to 1 hr according to the volume of the haemoglobin solution being used 


Fig. 1A, Van Slyke-Harington gasometric chambers with graduation marks at 0-5, 2-0, 10 and 
50 ml. B, Connexion of 300 ml. vacuous tonometer to Van Slyke-Harington chamber, so 
as to} permit removal of low-pressure gas phase without appreciable re-absorption of 
carbon monoxide by the solution in the chamber. 


in the particular experiment. During this second equilibration an appreciable 
amount of CO dissociates from chemical combination as well as from physical 
solution. After the equilibration is complete the COHb solution is withdrawn 
through the bottom tap of the Van Slyke-Harington chamber, and the volume 
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of CO which has been liberated into the gaseous phase of the chamber is 
measured accurately by the usual methods. From the latter, the 9% COHb and 
the corresponding equilibrium pressure of CO at the end of the shaking are 
readily calculated, as in the following typical estimation and calculation: 
(a) 30 ml. Hb solution shaken in 200 ml. tonometer with CO (99% pure) 
at atmospheric pressure (756 mm Hg) at 18-3° C. 
ml. CO dissolved per ml. solution 
_ 756-15-8 (aqueous vapour pressure) 
760 
x 0-98 (in place of 0-99 to allow for absorption of CO from gas phase by 
Hb solution) 
x 0-0235 (solubility coefficient of CO at 18-3° C)* 
= 0-0225 ml. CO/ml. solution. 


(b) 10 ml. of solution (@) shaken with 40 ml. vacuum phase at 19° C. 
Residual dissolved CO in the 10 ml. haemoglobin solution 


10 x 10 x 0-0225 x 0-0232 (solubility coefficient of CO at 19° C)* 


10 (1429 0.0289 


=0-00129 ml. 


(c) 10 ml. of solution (6) shaken in Van Slyke-Harington chamber with 
40 ml. ‘vacuum’ phase. CO found in ‘ vacuum’ phase after shaking = 0-00482 ml. 
Of this 0-00129 ml., came from physical solution and the remainder, i.e. 
0-00482 — 0-00129 =0-00353 ml., must have come from chemical combination. 
Gas combining capacity of Hb solution =0-0427 ml. CO/ml. solution. 
Therefore final % COHb = 99-99 — (100 =99-17%. 

(The figure 99-99, in place of 100, allows for the minute amount of dissocia- 
tion of COHb which occurs during the first shaking in the Van Slyke-Harington 
chamber—i.e. in process (b)). 


Pressure of CO in Van Slyke-Harington chamber at end of shaking 


_ 000482 x (273 +19) 
40 x 273 


=0-098 mm Hg. 


x 760 


Experimental details 

~~ Source of blood and preparation of haemoglobin solutions. Fresh blood was obtained from a single 
sheep early in the morning, either by venepuncture or from the slaughter-house. No significant 
difference was seen in the results with blood from these two sources. The venepuncture blood was 
supplied either by the Cambridge University Animal Research Station or by the Institute of 


* These solubility coefficients refer to the haemoglobin-borate solution, and were found to be 
c. 1-5 % lower than the values in pure water at the corresponding temperature. 
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Animal Physiology, Babraham. Our warm thanks are due to the Directors and Staff of these two 
Institutes for this help. The blood was defibrinated at the time of drawing and then brought to 
the laboratory where it was laked and mixed with buffer solution (final concentration 0-2 m-borate 
for pH 9-1, 0-6m-phosphate (see Brooks, 1935) for pH 7-1) in the manner described by Paul & 
Roughton (1951). The final gas capacity ranged from 0-035 to 0-055 ml. CO per ml. solution. In 
the earlier experiments, the haemoglobin-buffer solution was stored in the refrigerator (1-4° C) 
in the oxygenated form and all determinations on it were completed within 36 hr of the drawing 
of the blood. Latterly it has been our practice on the day of drawing of the blood, to deoxygenate 
the haemoglobin buffer solution completely by repeated shaking in vacuo, and then to store the 
reduced haemoglobin solution in the refrigerator under a positive pressure of oxygen-free nitrogen. 
The haemoglobin solution so prepared could generally be used for about a week without significant 
change in its gas-combining and dissociation curve 

Photosensitivity of COHb. Since the equilibrium of CO with haemoglobin is photosensitive, all 
shaking processes were carried out in the dark, by wrapping black paper round the chambers in 
which the equilibrations took place. 

Detailed description of procedure with the Van Slyke-Harington apparatus. After thorough 
washing of the chamber, 5 ml. water plus a few drops of octyl alcohol were evacuated therein, and 
the water very slowly and completely expelled. A measured volume (5-15 ml.) of the COHb 
solution (a) (in equilibrium with 1 atm pressure of CO) was then introduced into the Van Slyke- 
Harington chamber without contact with air, traces of COHb solution in the stem of the Van 
Slyke-Harington cup and the bore of the tap being displaced into the chamber by flushing through 
the tap several times with driblets of mercury from the cup. The solution was next shaken in vacuo 
in the dark for 10 min, the mercury-Hb solution interface having been adjusted to the 50 ml. mark 
in the chamber. To avoid appreciable reabsorption of CO during the subsequent removal of the 
gas extracted from the COHb solution during the 10 min shaking the following procedure was 
adopted. At the end of the shaking, a 300 ml. vacuous tonometer with a rubber seating on the end 
of the stem was pressed into the cup of the Van Slyke-Harington chamber (as shown in Fig. 1 B) 
the stem having been previously flushed through with nitrogen. The tap above the chamber was 
then opened so that the small amount of nitrogen in the stem of the tonometer expanded into the 
chamber, thus driving ahead of it the mercury which had been used to seal the Van Slyke tap 
during the vacuum shaking. The tonometer tap was next opened, so as to connect the low pressure 
gas phase in the chamber with the ‘vacuum’ in the tonometer, and mercury slowly admitted into 
the chamber, thus driving the extracted CO gas into the tonometer without appreciable rise in the 
CO pressure. When the COHb solution had just passed through the top tap of the chamber, and 
had risen about 5 mm into the stem of the cup above the tap, the latter was closed, the tonometer 
removed and the tap flushed through several times with driblets of mercury from the cup so as to 
collect all traces of COHb back into the chamber. The top tap of the chamber was then sealed 
with mercury, and to make assurance against leaks doubly sure the cup was filled with water and 
closed at the top with a rubber stopper. The mercury was next lowered to the 50 ml, mark, and 
the COHb solution shaken in the dark for 30-60 min, according to the volume of the COHb 
solution used. During this time, the jacket surrounding the chamber was kept at constant tem- 
perature by circulating through it water from a thermostat. At the end of the shaking the COHb 
solution was withdrawn as completely as possible through the bottom tap of the Van Slyke- 
Harington chamber. 4 ml. of de-aerated 10% NaOH was then run into the chamber to absorb 
CO,, and mercury readmitted to the chamber to compress the extracted gas to the 2-0 ml. mark 
and/or the 0-5 ml. mark. Controls showed that during this process no measurable reabsorption 
of CO took place. 1 ml. of de-aerated hydrosulphite solution (16 g Na,8,0,, 14g KOH, 100 g H,O 
plus a trace of sodium f-anthraquinone sulphonate) was next run in to absorb any traces of O,, 
the residual gases then being CO and N,. After the usual measurement of the gas pressure a bubble 
of the gas was expelled into a Scholander-Roughton (1943) syringe-capillary apparatus and its 
CO percentage measured in the way described in detail by Roughton & Root (1945). The remainder 
of the extracted gas was completely expelled from the chamber, and the pressure readings taken 
again at the 2-0 ml. and/or 0-5 ml. marks. From these readings, together with the value of the 
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% CO in the extracted gas, the total volume of CO liberated into the chamber is easily calculated 
(see also Roughton & Root, 1945), and thence, as in the above example, the CO pressure and %, 
COHb at equilibrium. If the volume of the extracted gas is less than about 4 cu. mm, as in experi- 
ments at 0° C, its measurement can be more accurately made in the syringe-capillary apparatus 
than in the Van Slyke chamber, provided that the bubble of extracted gas is completely trans- 
ferred from the latter to the former. For this to be achieved, the bore of the tap at the top of the 
Van Slyke chamber and the glass passages on either side must be scrupulously free of grease. It is 
our practice, each time this tap is regreased, to flush it through first with a few ml. of acetone, then 
with a few ml. of toluene, then with a few ml. of acetone again and finally with many rinsings of 
distilled water, the tap remaining open between the cup and the chamber during all these washings. 
In this way, any excess of lubricating grease is effectively removed, and smooth and complete 
transfer of gas bubbles from the chamber to the syringe capillary can then be made without 
difficulty. 

At the end of each determination the chamber was thoroughly cleaned by vigorous shaking 
with dilute alkaline hydrosulphite solution, and then washed several times with distilled water. 
This procedure also kept the mercury free from dross and other contamination. 


Controls and accuracy of the method 

In determinations by the method during the past three years the actual 
volumes of CO gas liberated into the Van Slyke-Harington chamber, at the 
end of the final shaking ranged from 3 to 30 cu.mm. The corresponding pressure 
difference readings at the 0-5 ml. mark on the chamber ranged from 5 to 
50 mm Hg. In previous gasometric measurements of the same type and range 
(see Roughton & Root, 1945) it was found that the maximum error in the 
measurement of the pressure differences (at the 0-5 ml. mark) was +0-3 mm 
Hg and the average error + 0-15 mm Hg, the corresponding volumes of CO 
being 0-2 cu.mm N.T.P. and 0-1 cu.mm respectively. In determinations by the 
present method the maximum discrepancy between duplicates was also found 
to be +0°3 mm Hg at the 0-5 ml. mark (i.e. 0-2 cu.smm CO n.1.P.) and the 
average discrepancy +0-15 mm Hg (i.e. 0-1 cu.mm CO n.1.P.). With 10 ml. 
samples of solution containing 3 g Hb/100 ml., these figures correspond to 
0-05°% saturation and 0-025°% saturation respectively. With smaller samples 
the precision of the °% saturation determination is correspondingly less—vice 
versa with larger samples. The repeatability of the method is thus as good as is 
technically possible, but it remains to consider whether the determinations 
are subject to any systematic errors. To this end the following controls were 
carried out: 

Variation of length of shaking period for the final equilibration in the Van 
Slyke-Harington chamber. Table 1 shows the results, at 19° C, of three tests in 
which 10 ml. of Hb solution, at pH 9-1, were finally shaken for 30 min and 
60 min, one test at pH 9-1 in which the shaking periods were 20 min and 40 min 
respectively and one test at pH 7-2 with shaking periods of 30 and 60 min. The 
figures in the table represent the final pressure of the extracted CO at the 
0-5 ml. mark, and in each test agree with one another well within the limits of 
error of measurement. A similar result was found with (i) 15 ml. samples of 
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solution at 19° C and pH 7-1-9-1, and (ii) at 0° and pH 9-1 with the volumes 
of solution generally used at 0° C, viz 5-7 ml. There thus seems no doubt that, 
under standard conditions of Hb concentration and temperature, 30 min 
shaking is sufficient for the final equilibration. The lack of change on further 
shaking also argues against any progressive change in properties of the 
haemoglobin due to the shaking itself and/or contact of the haemoglobin with 
mercury and octyl alcohol in the Van Slyke-Harington chamber. It was, how- 
ever, clearly desirable to check these last points by means of further controls. 


Taste 1. Effect of variation in time of shaking at 19° C 


Shaking period (min) 
20 30 45 60 H 
Poo at 0-5 ml. mark 7-35 7-60 
Poo at 0-5 ml, mark — 10-90 — 10-95 9-1 
Poo &t 0-5 ml. mark — 8-8 — 8-75 9-1 
Poo at 0-5 ml. mark 8-0 — 8-05 a= 9-1 
Poo at 0-5 ml. mark — 18-1 — 17-9 71 


Effect of contact with mercury and/or octyl alcohol during the shaking in the 
Van Slyke-Harington chamber. Three separate controls showed that these 
factors were without effect: 

(i) Contact with mercury during the shaking period was reduced by lowering 
the mercury level down to the bottom tap of the Van Slyke-Harington chamber 
during the shaking period instead of locating the mercury meniscus at the 
50 ml. mark. Periodically the shaking was stopped, and the bottom tap 
cautiously opened so as to mix the unshaken solution in the lower part of the 
stem of the chamber with the main bulk of the shaken solution, after which the 
mercury level was again lowered to the bottom tap. Results so obtained did 
not differ significantly from those by the ordinary method, provided a correc- 
tion was inserted for the increased volume of the gas phase in the chamber 
when the mercury level is at the bottom tap rather than the 50 ml. mark. 

(ii) Measurements of the carbon monoxide combining capacity of the haemo- 
globin solution after the second shaking in the Van Slyke-Harington chamber 
showed only an insignificant fall in the capacity. 

(iii) Finally a more comprehensive test was made by means of a set of com- 
parisons between the usual procedure in the Van Slyke-Harington chamber 
and a special (and more cumbrous) procedure in which all the equilibrations 
took place in tonometers from which mercury was excluded and also on 
occasions, octyl alcohol as well. Omission of the octyl alcohol was found to 
have no appreciable effect. In this second procedure, which was carried out — 
independently by Mr R. L. J. Lyster (to whom my warm thanks are due), the 
blood solution, after saturation with CO at 1 atm pressure, was equilibrated in 
a vacuous tonometer in the proportion of liquid to gas phase of about 1 to 4, 


the exact ratio being determined by weighing the tonometer before and after 
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the introduction of the solution. The blood solution at this stage corresponded 
to that in the normal procedure at the end of the first shaking in the chamber. 
It was then transferred to, and equilibrated in, a second vacuous tonometer, 
again in the proportion of about 1 of solution to 4 of gas phase, the exact ratio 
being determined as before. This stage corresponded to the end of the final 
shaking in the Van Slyke-Harington chamber, and it then only remained to 
determine the amount of CO liberated into the gas phase of the second tono- 
meter. This was done as follows: 2 ml. of water saturated with oxygen-free 
nitrogen at barometric pressure was introduced into the second tonometer as 
well as the blood solution. During the equilibration about 99-5%, of the dis- 
solved N, content of the water escaped into the gas phase (the exact volume 
of N, was accurately calculable). An aliquot portion of the gas phase of the 
tonometer was finally transferred to the chamber of the Van Slyke-Harington 
apparatus through connexions which had been thoroughly evacuated, this 
transfer being facilitated by cooling the Van Slyke-Harington chamber a few 
degrees below the temperature of the tonometer, which was during the transfer 
fixed vertically in a darkened cylinder containing water at the temperature of 
the equilibrations (usually 19°C). The Van Slyke-Harington chamber had 
been previously charged with 5 ml. of de-aerated alkaline hydrosulphite 
solution so as to absorb any traces of CO, and QO, in the transferred gas. The 
transferred gas was then compressed and a portion of it ejected into the 
Scholander-Roughton syringe capillary, wherein the ratio (r) of CO to N, in the 
gas bubble was determined in the usual way. 

If N =the known volume of N, liberated into the gas phase of the second 
tonometer, then rN = volume of CO liberated into the gas phase of the second 
tonometer. From rN, and the relative volumes of the liquid and gas phases in 
the tonometers the % saturation and CO pressure at equilibration were cal- 
culated in the same way as in the normal procedure. 

Special care was needed in the lubrication of the taps of the tonometers, to 
guard against leakage of atmospheric nitrogen which would have ruined the 
results. With a little practice, however, satisfactory results were readily 
obtained, though the method was clearly much more cumbersome and 
exacting to carry out than the normal procedure. Five comparisons with the 
latter were in all carried out under the standard conditions of pH (9-1) and 
temperature (19° C), the discrepancies in % saturation between the results by 
the two methods being as follows: +0-12, —0-10, +0-06, +0-16, +0—average 
difference +0-05%. A positive sign denotes that the % saturation by the 
normal procedure was higher than by the special procedure. In all the experi- 
ments by the normal method, 10 ml. samples of blood solution were used, 
slight corrections being inserted in the results by the special method for the 
fact that the ratio of liquid to gas phase in the tonometers was not exactly 
1 to 4 as in the normal method. The agreement between the two methods, 
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though not perfect, seems good enough to show that the prolonged contact 
with mercury and octyl alcohol has slight if any effect. 

Effect of storage of haemoglobin in the reduced form at 1-5° C. In six tests it 
was found that storage for periods up to 4 days had no effect, within the limits 
of experimental error, on the equilibrium between CO and haemoglobin in the 
range 98-100% saturation, under the standard condition. The average loss in 
total gas combining capacity was found to be about 0-6% in 10 days. One 
sample of reduced haemoglobin solution was stored in the refrigerator for as 
long as 8 weeks. Again there was no observable effect within experimental 
error (i.e.+0-05% saturation) on the CO-Hb equilibrium in the range 
98-100% saturation, though there was a fall in gas combining capacity of 
about 2°5%,. 


The determination of M, the equilibrium constant of the 
reaction CO +0,Hb=0, + COHb 

The haemoglobin solution was first saturated with CO at 1 atm pressure, 
as in the preceding method. The pressure of dissolved CO was then reduced to 
2-4 mm Hg by shaking the COHb solution with 4-8 times its volume of oxygen- 
free N, (at atmospheric pressure) in a closed tonometer for 10 min in the dark. 
The dissolved CO content was thus reduced to 0-15 to 0-3% of the combined 
CO content of the haemoglobin solution, the percentage saturation of which 
was between 99-95 and 100. In this way errors in the final calculation due to 
uncertainty as to the dissolved CO were eliminated. The COHb solution, after 
its shaking with N,, was then transferred anaerobically to a 20 ml. burette 
(graduated in tenths of a ml.) and mercury reservoir. Measured volumes 
(3-9 ml.) of the COHb solution were then delivered from the burette into three 
or four closed tonometers (volume c. 200 ml.), the atmospheric air initially 
present therein being raised to a slight positive pressure, which was not blown 
off but was allowed for in the calculation. The tonometers were then rotated in 
the dark for 3-4 hr in a water thermostat (usual temperature 19° C). Controls 
showed that equilibrium was certainly reached in this time: possibly, much 
shorter times of equilibration might have been effective but no tests as to this 
point were made, since the tonometers required no attention during their 
3-4 hr rotation, which the observer usually spent in making two determinations 
at the top of the COHb dissociation curve. The CO content of 2 or 5 ml. 
samples of the solutions at the end of the equilibration period was determined 
by the method of Roughton & Root (1945). The following typical determina- 
tion makes the method of calculating M clear: 

Volume of tonometer = 202-5 ml. 

Volume of haemoglobin solution introduced into tonometer =6-5 ml. 

CO content of each ml. of haemoglobin solution before equilibration at 
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19° C in tonometer = 0-0444 (gas combining capacity) +0-0001 (dissolved CO 
content) =0-0445. 
CO content of each ml. of haemoglobin solution after equilibration 
= 002067 (of which only a negligible fraction is in solution). 
CO extracted into gas phase of tonometer 
= 6-5 x (0-0445 —0-02067) =0-1549 ml. 
Final pressure of CO in tonometer 


atm (reduced to 0° C) 


=0-000776 atm. 
Final pressure of O, in tonometer 
=0-2093 x 0-887 (correction factor for temperature, barometer and 
aqueous vapour pressure) x (205-5) /(205-5 — 6-5) 
= 0-192 atm (reduced to 0° C). 
Final °% COHb = 100 x 0-02067 /0-0444 = 46-55. 
Final % O,Hb =100—46-55 =53-45. 
Therefore M =(0-192 x 46-55)/(0-000778 x 53-45) =215. 
Duplicate estimations of M by this method usually agreed to within 5%. 


EXPERIMENTAL RESULTS 


During the past 3 years the equilibrium between CO and haemoglobin in the 
upper range (98-100°%, saturation) has been investigated on solutions. pre- 
pared from the blood of 40-50 different sheep. About thirty experiments in 
all were done under standard conditions, i.e. Hb concentration 3-4 g/100 ml., 
pH 9-1, 0-2m-borate buffer, temperature 19° C. In addition five experiments 
were done on the effect of varying temperature over the range 0-35° C, four 
experiments on the effect of varying pH from 9-1 to 7-1, and one experiment 
on the effect of dilution over the range 0-5-4 g Hb/100 ml. at pH 9-1, 19° C. 
The results in these forty or fifty experiments were internally consistent and 
generally satisfactory: the technique, however, requires meticulous attention 
and high visual accuracy and should not be attempted if the observer is below 
par in health or is fatigued, for in such cases erratic results are very liable to 
occur. 

Results under standard conditions (pH 9-1 and 19° C). Fig. 2 shows the results 
of the most complete experiment in which eleven points were obtained within 
the range 98-99-6°% saturation under standard conditions. Almost all the 
points are seen to fall within the usual limits of error (+c. 0-05% saturation) 
on the smooth curve drawn through them by eye. Below 98% the curve is 
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shown as dropping very steeply: this extrapolation is based on data to be 
reported in a later paper. 

Usually the pressure of CO required to produce 99% saturation under 
standard conditions was about 0-1 mm Hg, but appreciable variations were 
occasionally found in individual sheep blood samples. Similar individual 
variations have also been noted both at the very bottom of the oxyhaemo- 
globin dissociation curve (as studied by Paul & Roughton’s method) and also 
over the main range of the dissociation curve. 


100 


% COHb 


l l 
0 01 0-2 
Carbon monoxide pressure, mm Hg 


Fig. 2. Carbon monoxide dissociation curve of sheep blood solution in 
borate buffer, pH 9-1 and 19° C in the uppermost range. 


To obtain an approximate value of L, by extrapolation, it is first necessary 
to calculate the value of the expression Z, which is defined by the equation 

B= 700-7) 
where 2’, as before, is the percentage saturation of the haemoglobin with CO, 
and g the carbon monoxide pressure. Log £ is then plotted against z’ and a 
straight line drawn through the points corresponding to values of z’ in the 
99-0-99-5 %, saturation range. The intercept of the line on the ordinate corre- 
sponding to 2’ = 100% is equal to log (4 L,). Fig. 3 gives the result of such an 
extrapolation for the top five points of Fig. 2. The intercept on the ordinate 
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at z' = 100 is 3-17 (+c. 0-07) and the corresponding value of L,, i.e. 1/4 antilog 
3-17, is 370 (+c. 60). Table 2 shows six comparisons of values of L,, as obtained 
by extrapolation, with the values of L, calculated by the more basic method to 
be described in a later paper. The latter method, in brief, consists in deter- 
mining, by statistical analysis, the best set of values of K,, K,, K, and K, (see 
equation (1)) to fit the oxyhaemoglobin dissociation curve over its whole range, 
and then multiplying the value of K, by M, in accordance with equation (6). 


log E 


100 
% COHb 


Fig. 3. Method of determining LZ, by graphic extrapolation. 


Tas_e 2. Comparison between values of L,, as estimated by extrapolation, and as 
calculated from equation (6), viz. L,= MK, (all experiments at pH 9-1) 


Temperature (° C) 19 19 19 0 0 19 
L, (by extrapolation) 312 178 386 2075 2210 530 
L, (from equation (6)) 292 214 416 2410 2260 690 


The standard error of L,, as thus estimated is, on the average, about 15% 
of L,. The extrapolated value of ZL, is seen to be, on the average, about 10% 
less than the value of L, by equation (6): the maximum discrepancy between 
the two methods is 27%. The value of L, by extrapolation, if raised by 10%, 
is therefore probably reliable to within 5% of itselfasarule. A similar checking, 
by means of equation (6), of the extrapolation method at neutral pH is, un- 
fortunately, not at present possible owing to the fact (already referred to in 
the Introduction) that at c. pH 7-0 the top part of the COHb dissociation curve 
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cannot be made to coincide with the top part of the O0,Hb dissociation curve 
merely by altering the scale of gas pressures M-fold. 

Effect of temperature. Table 3 shows the effect of temperature on L, over the 
range 0-19° C, in recent experiments on blood solutions from two different 
sheep. From these data, the heat of the reaction 


Hb,(CO),+CO (gas) + Hb,(CO), 
can be calculated by means of the Van’t Hoff Isochore. The values so obtained 
are given in the last column of Table 3. Their mean, i.e. 13,500 cal, is 
appreciably lower than the average heat of combination of gaseous CO with 
sheep haemoglobin in alkaline solution, for the latter is believed to be about 
16,000 cal. Further experiments are needed to decide whether such a difference 
is significant: these it is hoped to carry out, as soon as a satisfactory method of 


studying the CO-haemoglobin equilibrium over the middle range of the dis- 
sociation curve has been worked out. 


TaBLE 3. The effect of temperature on L, 


Heat of reaction 
Experiment L, at 02° C DL, at 19° C (cal) 
I 2280 425 14,200 
It 2660 580 12,800 


pH 7:1 pH 91 
Poo % Poo % COHb 
0-196 97-93 0-066 98-57 
263 98-54 0-115 99-08 
i, = 75? = 250 


The effect of pH. So far, comparisons have only been made at pH 9:1 and 
at pH 7:1. For the alkaline pH the usual standard borate buffer solution was 
used: for the neutral pH solid KH,PO, and solid Na,HPO,, 12H,O were added 
in equal molarity to the haemoglobin-borate buffer solution so that the total 
phosphate concentration was finally 0-6m. The procedure with the pH 7:1 
solutions was similar to that for the pH 9-1 solutions except in two respects: 
(i) owing to the lower affinity for carbon monoxide, larger samples, i.e. 10-25 ml. 
were used in the Van Slyke chamber; (ii) the solubility coefficient of CO in the 
strong Hb-phosphate solution was found to be only 0-7 of its value in the 
standard Hb-borate solution. The results of tests on solutions prepared from 
the blood of six different sheep were satisfactorily concordant. Table 4 shows 
the figures obtained in the last and most accurate of these six tests. The poo 
in equilibrium with a given percent saturation, e.g. 98-5°% COHb, is seen to 
increase about 4-fold when the pH is lowered from 9-1 to 7-1. The value of L, 
(as calculated by the extrapolation method) correspondingly drops from 250 
to 75, though the latter figure is open to question, since, as already mentioned, 


Tasie 4. The effect of pH at the top of the COHb dissociation curve 
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no independent way of checking the extrapolation method of estimating L, 
has yet proved feasible at pH 7:1. 

It should be noted that the high concentration of phosphate, which was 
added to stabilize the haemoglobin both against pH and bacterial changes 
(Brooks, 1935), may have some effect per se on the dissociation curve. Variation 
of phosphate concentration, at fixed pH, together with variations of ionic 
strength by addition of neutral salts should obviously be studied. Comparison 
of the effect of pH at the top of the COHb dissociation curve with its effect at 
the middle of the curve should also be made, as soon as a satisfactory method of 
determining the latter is available. Existing knowledge as to the middle of the 
COHb dissociation curve is too meagre for any comment to be worth making, 
at this stage, as to the relative effects of pH on the top and the middle of the 
curve. 

The effect of dilution. In a single experiment on the effect of diluting the 
haemoglobin to 1/7-4 of the standard concentration, the poo required to pro- 
duce 99% saturation was about 10% greater than at the standard haemo- 
globin concentration. In a second experiment which was only partially 
successful a similar trend was seen. 

The effect of species. Over the main part of the dissociation curve the 

‘affinity’ both of horse and human haemoglobin for 0, or CO exceeds several 
fold the affinity of sheep haemoglobin for these gases. Preliminary experiments 
with horse and human haemoglobin by Mr R. L. J. Lyster have shown that the 
‘affinity’ for CO in the upper range is also in these species considerably greater 
than in average sheep haemoglobin. Further work on the effect of species is 
now in train. 


Comparison of the top of the carboryhaemoglobin dissociation curve and 
the top of the oxyhaemoglobin dissociation curve 

In order to test whether the two curves could be made to coincide at the top 
of the dissociation curve in the range 97-5-99-5 %, saturation merely by altering 
the scale of gas pressures M-fold, determinations were made of 

(i) the relation at equilibrium between carbon monoxide pressure (q) and 
per cent carboxyhaemoglobin (z’) by the technique described above, 

(ii) M, the equilibrium constant of the reaction 


CO (gas) + oxyhaemoglobin =O, (gas) + carboxyhaemoglobin = pz’ /qy’, 
also by the technique described above. 
(ii) The relation at equilibrium between oxygen pressure (p) and % 
oxyhaemoglobin (y’) either by the usual methods for determination of the 
oxyhaemoglobin dissociation curve (i.e. equilibration of the blood solution in 


tonometers containing known partial pressures of oxygen, followed by measure- 
ment in the Van Slyke constant volume gasometric apparatus of the oxygen 
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% saturation of the equilibrated solution) or by a special technique in which 
the equilibration and subsequent estimations were all carried out in the 
chamber of the Van Slyke constant volume gasometric apparatus. The 
oxyhaemoglobin determinations are believed to be accurate, as a rule, to 
+0-5% saturation and are therefore only about one-tenth as precise as the 
carboxyhaemoglobin determinations at the top of the dissociation curve. 


100 
99 
@=Cco 
x= O; 
A 
is 10 20 30 40 50 60 
5 Oxygen pressure or M Xcarbon monoxide pressure (mm Hg) 
| 
@=CO 
98 
B 
’ 20 40 60 80 100 120 


Oxygen pressure or M Xcarbon monoxide pressure (mm Hg) 
Fig. 4. Test of Haldane’s second principle (see text). A at pH 9-1, B at pH 7-1. 


Fig. 4.4, shows the results of such a test at pH 9-1 and 19° C. The abscissae 
are either oxygen pressures or carbon monoxide pressures multiplied by M, 
which in this case was found to be 258, whilst the ordinates are the corre- 
sponding % saturations. The oxygen determinations are denoted by crosses 
and the carbon monoxide determinations by circles. The average divergences 
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of the crosses from the smooth curve drawn through the circles are 0-21 % 
saturation (disregarding signs) and — 0-06 % saturation (regarding signs) and 
thus lie well within the experimental error of the oxygen % saturation deter- 
minations. Similar comparisons were also made on solutions at pH 9-1, 19° C, 
prepared from the blood of three other sheep. The maximum divergence was 
0-7 °% saturation, the minimum divergence zero, the average divergences of all 
the determinations were 0-28°%, saturation (disregarding signs) and —0-02% 
saturation (regarding signs). It therefore seems reasonable to conclude that 
Haldane’s second principle is valid at pH 9-1 at the top of the carboxyhaemo- 
globin and of the oxyhaemoglobin dissociation curves, in the range 98-5-99-5 %, 
saturation. 

Fig. 4B, on the other hand, shows how badly the principle breaks down at 
pH 7-1 (19° C). There is, in fact, about a 2-5-fold discrepancy between the 
oxygen pressure, and the product of the carbon monoxide pressure and M, 
which was in this case 160. Similar-sized discrepancies were found in tests on 
solutions from the blood of two other sheep at pH 7-1. There thus seems no 


TaBie 5. The effect of pH and temperature on M 


Heat of reaction 
Blood sample pH7-1,19°C pH®9%i,19°C pH 9-1, 0-2°O (cal) 
I 160 274 — _— 
II 206 263 — — 
Ill 176 214 — 
IV 196 202 
V 162 262 — — 
VI — 261 — — 
Vil — 242 — 
VIII —_— 234 421-5 4850 
Ix — 234-5 443 5250 
Mean 180 243 432 5050 


doubt that Haldane’s second principle fails at the top of the curve at neutral 
pH, and therefore that accurate determinations at the top of the COHb dis- 
sociation curve (by the technique of this paper) cannot be used for the quantita- 
tive interpretation of the oxyhaemoglobin dissociation curve, in terms of the 
four intermediate equilibrium constants K,, K,, K, and K,. The theoretical 
significance of this failure is considered in the Discussion. 

Effect of various factors on M. The effect on M of pH, temperature and indi- 
vidual variations within a species has not been investigated in recent years by 
modern gasometric methods, so it may therefore be useful to summarize the 
results we have lately obtained, even though the observations formed an 
incidental, rather than an integral, part of the present objectives. Table 5 
summarizes data on haemoglobin solutions prepared from the blood of nine 
different sheep (3-4 g Hb/100 ml. buffer solutions). Both at pH 7-1 and at 
pH 9-1 there are appreciable individual variations, the extreme values of M 
varying by 15% or slightly more from the mean value. The change of pH 
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from 7-1 to 9-1 is seen to increase M on the average by 35%, though here 
again there are considerable variations from the mean effect. 

Forty years ago neither Douglas, Haldane & Haldane (1912) nor Hartridge 
(1912) were able to detect any effect of pH on M, with the less exact optical 
methods then available. The figures for the heat of the exothermal reaction 
CO (gas) +oxyhaemoglobin O, (gas) +carboxyhaemoglobin, are calculated 
from the Van’t Hoff Isochore from the values of M at 0-2 and 19° C. The mean 
value, 5050 cal, may be compared with the value as directly measured by 
Brown & Hill (1923) on sheep blood, namely 6600 cal. 


DISCUSSION 
The applicability of Haldane’s second principle 

The experimental validity of Haldane’s first principle (see equation (5)) leads, 
as has already been pointed out in the Introduction, to the consequence that 
L,/K,=M (i.e. equation (6), and also Appendix) and therefore that at per- 
centage saturations so high that intermediates containing less than three 
molecules of combined O, or CO per molecule of Hb, are negligible in con- 
centration, the oxyhaemoglobin and carboxyhaemoglobin dissociation curves 
should coincide if the scale of gas pressures is altered M-fold, i.e. Haldane’s 
second principle should hold good in this limited, very high, saturation range. 

For Haldane’s second principle to be generally true over the whole satura- 
tion range, it is necessary not only that L,/K,=M but also to add the further 
conditions, not previously essential, that 


(8) 


If these last conditions are not met, then Haldane’s second principle must fail. 
Minor failures, as regards the main range of the dissociation curves at physio- 
logical pH, have already been hinted at by Barcroft (1928) and are confirmed 
by a careful re-examination of the early data of Douglas et al. (1912), on which 
the second principle was originally based. The much more glaring discrepancies, 
revealed by the new data at pH 7-1 in the range 98-99 % saturation (Fig. 4B), 
may be explained by supposing that at this pH the value of L, is considerably 
less than MK,, and the value of L,L, is also considerably less than M*K,K,: 
if so, then the proportions of Hb,(CO) and Hb,(CO),, at a given % saturation 
in the range 98-99° saturation, would be significantly less than the pro- 
portions of the corresponding oxygen intermediates Hb,O, and Hb,0,, and a 
divergence between the carboxyhaemoglobin and oxyhaemoglobin dissociation 
curves of the type shown in Fig. 4B would result. So far, the only direct 
experimental evidence in favour of this supposition consists in unpublished 
experiments. by Mr R. L. J. Lyster, whose preliminary measurements at the 
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lower ends of the two dissociation curves (i.e. 01% saturation range) suggest 
that L,/K, may be only about 1/3 of M at pH 7:1. 

At pH 9-1, oxyhaemoglobin, carboxyhaemoglobin and reduced haemoglobin 
are all completely ionized in respect of those particular ionization groups (i.e. 
the oxy-labile groups), the pK’s of which are greatly affected by whether the 
adjacent iron atoms are free or are combined with O, or CO. It may be on this 
account that at pH 9-1 (but not at pH 7-1, at which the oxylabile ionization 
groups are only partially ionized) the conditions expressed in equation (8) 
are closely enough obeyed for Haldane’s second principle to hold satisfactorily 
within the range 98-5-99-5°% saturation at this pH. 


Kinetic relatwonships 
The numerical values of L, listed in Tables 2, 3 and 4 are much greater (i.e. 
of the order of 50-fold) than those of Z, under corresponding conditions (and 
are also probably much greater than L, and L,). It is obviously of interest to 
consider this question from the kinetic point of view. 
According to the law of mass action 


L _| (the velocity constant of Hb,(CO),+CO + Hb,(CO),) (9) 
4" |, (the velocity constant of Hb,(CO), + Hb,(CO),+CO)’ 


Roughton (1934) determined the rate of dissociation of dilute solutions of 
sheep carboxyhaemoglobin in presence of excess of dissolved oxygen. His 
measurements were expressed in terms of an overall velocity constant, m, 
given by the equation 


m{COHb}, (10) 


where [COHb] represents the total concentration in moles per litre of CO com- 
bined with haemoglobin. The value of m was found to be independent of total 
haemoglobin concentration, of percentage saturation of the haemoglobin with 
CO and also, very nearly, of the concentration of dissolved O,, provided the 
latter was sufficiently high. 

Roughton also showed that /,=4 m: the average value of |, at pH 9-1, 19° C 
as indicated by his data is 0-04 (+c. 0-015). 

The average value of L, at pH 9-1, 19° C, from the data of the present paper 
is 400, if carbon monoxide concentration is expressed in mm Hg gas pressure. 
Converting to the usual physico-chemical units of moles dissolved CO per litre 
gives 


I, = 2-9 x 108, 
Therefore, from equation (9), 


=1-16 x 10’ (mole/l. sec). 


R 

4=1,xL, 
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Roughton’s (1934) measurements of the rate of combination of CO with 
reduced haemoglobin were expressed in terms of the approximate kinetic 


From the treatment given by him it follows that the value /’, as thus calculated 
over the early stages of the reaction, is equal to ;/4 where I; is the velocity 
constant of the reaction Hb,+CO + Hb,(CO). Recently 1; has been measured 
with much greater accuracy by Gibson & Roughton (1954): for sheep haemo- 
globin solutions at pH 9-1, 19° C, the average value is 7 x 10° mole/l. sec, i.e. 
) about one-seventeenth of the calculated value of J, under similar conditions. 
To account for the fact that L, is of the order of 50 times greater than L,, it 
thus appears necessary to assume that |, is only about one-third of 1,: the 
major responsibility for the much higher value of L, is, however, borne by the 
increase in the velocity constant of combination of the fourth, as compared 
with the first, CO molecule which unites with haemoglobin. 

From the data in Table 3, the temperature coefficient of L, per 10° C (i.e. Q,5) 
is calculated to be about 1-8, if carbon monoxide concentrations are expressed 
in moles dissolved CO per litre. Roughton (1934) reported a Q,, for 1, of about 4 
and this has been confirmed in recent determinations by Gibson & Roughton 
(1954). The Q,, for J, should thus be about 4+ 1-8, i.e. 2-2: this figure is about 
, 25% higher than the average of the Q,, values for 1; given by Roughton (1934). 

Over the pH range 7-9, /, is only slightly affected by pH (Roughton, 1934; 
Gibson & Roughton, 1954) whereas, according to Table 4 the value of L, is 
increased 3-3-fold by raising the pH from 7-1 to 9-1. If further work sub- 
stantiates the latter effect, there would have to be a similar effect of pH on/,, 
due again presumably to the influence of the oxylabile ionizing groups. In 
such event there would be a definite contrast with the effect of pH on 4, which 
( (Roughton, 1934) is only increased 1-5-fold by raising the pH from 7 to 10. 

The determination of L,, the equilibrium constant of the 
reaction Hb,(CO), +CO=Hb,(CO), 

In their recently published paper, Edsall et al. (1954) point out that L, may 
also be derived from the function E, if L, is known, by considering the limiting 
slope of the curve of E versus z’ (see Fig. 3) when z’ tends to its upper limit of 
100%. With appropriate substitution of symbols their equation (8) becomes 

For the particular case plotted in Fig. 3, 


din 
and since L,=370 it therefore follows that L,=55. 
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It will obviously be of great interest to determine L,, as well as L,, by this 
method under a wide variety of conditions. Since however, the present work 
has been in progress for over four years, it would seem best to defer such 
studies until a later paper. 


The production and disappearance of carbon monoxide in haemoglobin 
solutions 

In recent years Sjéstrand (1949) has brought forward definite evidence for 
the steady endogenous production of small amounts of CO by blood both in 
vivo and in vitro. Any such effect would, of course, be fatal to the present 
method. The conditions in which this production was found by Sjéstrand differ 
appreciably from those prevailing in our experiments which, if carried out 
meticulously according to the directions given earlier in this paper, do not 
appear to be vitiated by this possible source of error. Had there been appreciable 
endogenous production of CO during the equilibration processes in the Van 
Slyke-Harington apparatus, the results obtained on increasing the length of 
the shaking periods should have shown a steady drift, instead of reaching a con- 
stant level in 20 min. It is possible, however, that some of the erratic results 
observed in the early stages of developing the present technique might have 
been due to this factor, or indeed to the converse and equally deleterious 
possibility, namely irreversible disappearance of carbon monoxide in haemo- 
globin solutions fully saturated with CO. This last phenomenon was mentioned 
(and guarded against) by Longmuir & Roughton (1952) in their work on the 
diffusion coefficients of CO in haemoglobin solutions. 


SUMMARY 


1, At very high percentage saturations the equilibrium between carbon 
monoxide and haemoglobin should, according to the intermediate compound 
hypothesis, tend to the limiting equation 


34+41,q 


100° 4+42,q’ 
where z’ is the percentage saturation of haemoglobin with carbon monoxide, 
q is the carbon monoxide pressure and L, is the equilibrium constant of the 
reaction Hb,(CO), +CO=Hb,(CO),. 

2. To determine L, by means of this limiting equation it is necessary to 
study the equilibrium in the range 98-100 % COHb, to an accuracy of +0-05% 
COHb or better. A special gasometric technique is described for this purpose 
and is applied to solutions of sheep haemoglobin, temperature 0-19° C, 
pH 7-1-9-1. 

3. Actually it was found impossible to work at high enough values of ¢ 
and 2’ for the limiting equation to be realized, but it nevertheless proved 
feasible to obtain from the data, by an extrapolation method, values of L, 
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which are believed to be accurate to within +10-15%. These values were 
checked by an indirect method based on the oxyhaemoglobin dissociation 
curve, the relation with which—in the upper saturation range—is discussed 
in detail. 

4. The value of L, at pH 9-1 is increased about 4-5-fold by lowering the 
temperature from 19° to 0° C. The corresponding value for the heat of the 
reaction, as calculated by the Van’t Hoff Isochore is 13500 + 7000 cal. 

5. Lowering of pH from 9-1 to 7-1 decreases the value of L, about 3-5-fold, 
but the data at pH 7-1 were much less reliable than at pH 9-1, owing to the 
fact that it was not experimentally feasible to work at percentage saturations 
above 98-6 at pH 7-1, whereas at pH 9-1 it was quite easy to work up to 995% 
saturation at least. 

6. The numerical values of L, are of the order of 50-fold greater than those 
of L,, the equilibrium constant of the reaction Hb,+CO=Hb,(CO). The 
kinetic implications of this large discrepancy are discussed: the major re- 
sponsibility for the much greater value of L, is borne by the increase in the 
velocity constant of the fourth, as compared with the first, CO molecule 
which unites with haemoglobin. 


My thanks are due to my technical assistant, Mr K. Edwards, for his meticulous help in the experi- 
mental work described in this paper. 


APPENDIX 
Proof that Lg= MK, if Haldane’s first principle is true 
In haemoglobin solutions, which are in equilibrium with mixtures of oxygen 
and carbon monoxide at such pressures that the amount of reduced haemo- 
globin is negligible, the following haemoglobin compounds are alone present: 
Hb,0,, Hb,O,, Hb,O,(CO), Hb,O,(CO), Hb,O,(CO),, Hb,O,(CO),, 
Hb,0,(CO), and Hb,(CO),, 
i.e. there are no appreciable amounts of compounds containing less than a total 


of 3 moles of combined gas. According to the law of mass action there should, 
under these circumstances, be 8 equilibria to be considered, viz. 


Equilibrium constant 
Hb,0,+0,=Hb,0, K, (1) 
Hb,0, + CO=Hb,0,(CO) (2) 
Hb,0,(CO) + 0,=Hb,0,(CO) (3) 
Hb,0,(CO) +CO=Hb,0,(CO), Les (4) 
Hb,0,(CO), +0, =Hb,0,(CO), Ky. (5) 
Hb,0,(CO), + CO=Hb,0,(CO), Lg (6) 
Hb,(CO), + 0,=Hb,0,(©0O), Kis (7) 
Hb,(CO), +CO=Hb,(CO), L, (8) 


— 


. 
J 
: 
y 
t 


382 F. J. W. ROUGHTON 
Let [Hb,0,]=9, [0,]=p, [CO]=g. 
Total combined carbon monoxide in mole/l. 
= {[Hb,0,(CO)] + [Hb,0,(CO)] + 2[Hb,0,(CO),] + 2[Hb,0,(CO),] 
+ 3[Hb,0,(CO),] + 3[Hb,(CO),] + 4[Hb,(CO),}. 


9) 
Ky, Koy Ky p* ”) 
Total combined oxygen in mole/l. similarly 


Kup 
Now by Haldane’s first principle 
[Total combined O,] x gM = [total combined CO] x p. (11) 


From equations (9), (10) and (11) it follows, after multiplying out and re- 
arranging of terms, that 


pa (4K Lyy) +9 (3M +9? - 


(12) 


Equation (12) can only be true for all values of p and q if all the terms in 
brackets in the equation are equal to zero. 


Therefore 
whence 
4K,=3K;, =2K,,=K,,;, (14) 
and _ Ly Lys 


A particular case of equation (16) is thus 
L,=MK,, i.e. equation (6). 


aid 
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EXCITABILITY, LENGTH TENSION RELATION AND KINETICS 
OF UTERINE MUSCLE CONTRACTION IN RELATION TO 
HORMONAL STATUS 


By ARPAD CSAPO anp MARCUS GOODALL* 
From the Carnegie Institution of Washington, Department of Embryology, 
Baltimore, Maryland, U.S.A. and The Institute for Muscle Research,t 
Marine Biological Laboratory, Woods Hole, Massachusetts, U.S.A. 


(Received 6 August 1954) 


Studies on the mechanism by which the ovarian hormones exert their re- 
spective effects upon the myometrium have revealed a direct relation between 
tension and frequency of electrical stimulation under oestrogen domination 
(staircase) and an inverse relation under progesterone domination (‘negative 
staircase’). The duration of an isometric contraction cycle was found to be 
significantly longer in the former case (50 sec) than in the latter (15 sec; 
Csapo & Corner, 1952). Increase of the [K] in the perfusion bath resulted in a 
decrease in tension under oestrogen and an increase (up to 18 mm-K in the 
bath) under progesterone domination (Csapo, 1953). 

Considering the results and interpretations of Hajdu & Szent Gyérgyi (1952) 
derived from in vitro studies on the frog heart, it was suggested that the two 
ovarian steroids exert their respective effect upon the myometrium by altering 
the concentration of the monovalent intracellular cations in an opposite 
direction, resulting in different intracellular K:Na ratios. Oestrogen was 
assumed to increase, progesterone to decrease this ratio in the uteri of ovari- 
ectomized animals. Horvath (1954) has demonstrated recently that the above 
ratio in the myometrium is indeed different under oestrogen (5-3) and pro- 
gesterone (2-9) domination. These experiments show, however, that the ovarian 
hormones alter the balance of intracellular cations, leaving open the questions 
of the sites and possible mechanisms of this alteration. 

Experiments (Csapo, unpublished), moreover, indicated that the rabbit 
uterus possesses a higher threshold for electrical stimulation under progesterone 

* Present address: Department of Zoology, University of Michigan, Ann Arbor, Michigan. 
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than under oestrogen domination. It has also been noticed that the magnitude 
of the tension developed is a combined function of strength and duration of 
the electrical stimulus. In most of these experiments, however, the duration 
was kept constant at the optimum (5 sec) and therefore a detailed investigation 
of the strength-duration-tension relation under different hormonal conditions 
was called for. 

Previous experiments (Csapo, 1954) were all done at the resting length. This 
length has been determined by applying slight stretches to the uterine segment 
in steps, as long as the sample quickly adjusts itself to the new length without 
increase in the resting tension (indicated by the zero position of the writing 
lever). A detailed study of the length-tension relation of the uterus and of the rate 
of isotonic shortening promised to be useful in establishing the position of the 
uterus in the general muscle picture, and in further characterizing the effect of 
the ovarian steroids on the myometrium, 


MATERIAL AND METHODS 


Immature New Zealand White rabbits from a constant source, 12 weeks old, with undeveloped 
ovaries and uteri were used, After treatment for 10 days with 25ug and 3 days with 1 ug oestradiol 
(in oil) intramuscularly (oestrogen dominated), their uteri became similar in size and functional 
character to those of mature females in oestrus. Another group of rabbits received the same treat- 
ment for 10 days (25ug oestrogen daily), but thereafter they were injected for 3 days with a daily 
dose of lug oestrogen +5 mg progesterone (in oil) i.m. (progesterone dominated). 

In studying the kinetics of myometrial contraction, virgin rabbits in natural oestrus (oestrogen 
dominated) and rabbits in the 4th day of normal pregnancy (progesterone dominated) were used. 
All the uterine samples used in these experiments, therefore, were dominated by one or the other 
ovarian steroid, representing the two extreme hormonal conditions in which characteristic differ- 
ences in myometrial function have previously been observed. 

The techniques of in vitro experiments on rabbit uteri have been described already in detail 
(Csapo, 1954). Mammalian Krebs solution, saturated with 95% O,+5% CO,, pH 7-4, temp. 
37-5° C; uterine segments 32 mm long at resting length were used. The compliance of the lever 
was such that maximum shortening in tension measurements was 3% of the resting length. In 
order to keep the electrode distance constant at 6-5 cm, instead of using the upper suspension 
hook as electrode (as before), this hook now only served to connect the sample with the tension 
lever, and a separate platinum ring of 12 mm diameter immersed in the upper end of the perfusion 
bath served as upper electrode. The tube containing the uterine sample, and to which its lower end 
was fixed by a platinum hook (serving also as electrode), was mounted on a rack and pinion 
enabling us to stretch the uterus or allow it to shorten maximally. 


RESULTS 

Electrical stimulation 

Throughout the main part of the studies, 60 c/s a.c. was used. Experiments 
with single d.c. square wave pulses of varying duration showed that optimum 
stimulus (corresponding to maximum tension) could not be obtained in this 
way. For, at durations corresponding to that used in a.c. stimulation (0-5-5 
sec), a form of ‘tetanic contracture’ was produced with suboptimal tension 
25-2 
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(about 50% of the maximum). Such a stimulus, moreover, resulted in irre- 
versible changes in the uterine sample as revealed by the disturbance of the 
relaxation pattern if such stimulation was repeated or upon the application 
of a.c. stimulus. For short durations, near the threshold, suboptimal isometric 
contractions (50% of the maximum) of normal shape were produced with a 
single d.c. pulse up to 0-5 sec duration. 

The effect of repeated d.c. pulses of short duration on the magnitude of 
tension was not observed, and these studies do not eliminate this type of 
stimulus. Since, however, the use of long duration is necessary to study the 
events leading to maximum tension, and the described irreversible changes 
have to be avoided, a.c. stimulus was routinely used. 

60 c/s was considered satisfactory, since varying the frequency between 20 
and 2000 c/s (using a beat frequency oscillator with low impedance cathode 
output) did not significantly change the response in the range 30-100 c/s. 
Above 100 c/s tension fell as the frequency was increased, approaching zero 
at 2000 c/s. The available equipment did not allow studies below 20 c/s. 


The effect of the duration of electrical stimulation on the tension developed 

To understand the necessity of such a long duration of stimulation (5 sec) 
in obtaining maximum tension with the smooth muscle of the uterus, the time 
required for development of a given tension was observed for varying durations, 
the field strength being kept constant. The experiment was made after the 
sample had been stimulated with optimum strength and duration at 1 min 
intervals for a period of 30 min, by which time the muscle reached a steady 
state. 

Fig. 1 shows a typical record. It can be seen that tension (/) increases with 
increasing duration (r) of stimulation. From this record, Fig. 2 is plotted in 
order to show the relation between maximum tension (f,,,,,.) for a given 7 and 
the time ¢ required to reach it. Fig. 2 shows that maximum tension is reached 
at t=6 sec, a time period which practically coincides with the optimum dura- 
tion of the stimulus (5 sec). On the other hand, for short durations (0-5-1 sec) 
there is a certain minimum time, t= 1-5 sec, required for the development of 
the given submaximal tension. 

These results suggest that in case of the uterus, as in skeletal muscle the 
function of the stimulus (of at least threshold duration) is not only to produce, 
but also to maintain a condition, called the ‘active state’, in which tension can 
develop (Hill, 1949). 

In order to obtain numerical values in a steady state for optimal and thres- 
hold durations with constant and ‘optimal’ field strength, f.,,,,. is plotted as a 
function of the duration (r) of stimulus. Fig. 3 shows that the relation 
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Fig. 1. Tension (f) as a function of time (¢) with the duration of stimulus (r) varied in steps at 
0-5, 1, 2, 4, and 8 sec. Stimulation strength (Z) =2-3 V/om (optimal). Recording stopped at 
the beginning of relaxation. Solid lines: duration of stimulus. Time mark: seconds. Experi- 
ment begun when the muscle reached steady state with optimum stimulus. 
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Fig. 2. Maximum tension (/,,,.) for a given 7 in Fig. 1 is plotted against time (¢) required for the 
development of this tension from the beginning of contraction, to see the relation between +r 
and ¢, Parameter: duration (r) of stimulus. 


Fig. 3. Maximum tension (f,,., ) a8 # function of the duration r of stimulus plotted on a logarithmic 
scale from Fig. 1. 7, is extrapolated value for threshold duration. Observe the sharp slope 
change at r=5 sec indicating ‘optimum’ duration at optimum strength (Z). 
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holds for r < 5 sec. There 7, stands for threshold duration, and is determined by 
extrapolating to zero tension value. It should be noted here that 7) being a 
function of the field strength E it always refers to a given Hy. The advantage 
of plotting this relation is that one need not rely on the values obtained in the 
neighbourhood of the threshold where spontaneous intrinsic activity of the 
uterus obscures the results. Fig. 3 also shows that maximum tension is 
obtained at r=5 sec, as indicated by a sharp change in the slope of the curve. 
This value is therefore taken as optimum duration of stimulus. 

The observation that the production of maximum tension by the myometrium 
requires as long a stimulus duration as 5 sec suggests that activation occurs 
slowly and gradually, preceding the development of tension. This assumption 
could be tested experimentally using the elastic modulus as a measure of 
activation (Hill, 1949; Goodall, unpublished work). We examined the elastic 
modulus as indicated by the drop in tension in a quick release of 3% (of the 
resting length) as a function of time (¢) elapsed from the beginning of stimula- 
tion until the application of the quick release. The duration of stimulation (7) 
was kept constant at 5 sec. We observed a continuous increase in the elastic 
modulus during the time of stimulation parallel to the tension increment. This 
would be in agreement with the foregoing assumption, provided that the series 
elastic component does not contribute an appreciable non-linear compliance 
as Hill (1953) has shown in skeletal muscle. 

In these experiments, however, the inertia of the recording lever was not eliminated. The 
magnitude of tension decrement due to quick release was obtained by extrapolating the slope of 
the rising tension back to the dropping phase. These experiments are, therefore, to be taken as 
preliminary and evidently a more accurate technique is required for final interpretation. 

If we say that the concentration of the active substance [A] is proportional 
to the elastic modulus, then the relation when plotted (Fig. 4) is 


[A] clog t/t, (2) 
where ¢, is a time constant, comparable to the latent period, and is the interval 
between the beginning of the stimulus and the application of the quick release. 
From this relation it might be concluded that the stimulus is effective in main- 
taining a certain rate of formation of an active substance. This is compatible 
in view of (1) with the assumption that the final tension f,,,,. is proportional 
to [A]. 

The strength-duration relation of uterine muscle 
The above results were obtained with a constant (optimal) field strength 
(£) of stimulation. Next we examined the effect of varying this quantity. 
Fig. 5 shows records obtained with the oestrogen- and progesterone-dominated 
uterine samples after treatment with the respective hormones in the living 
animal (a and 6), and after in vitro treatment with progesterone (c). Unlike 


the previous experiment, in which Z was kept constant and r was varied, these 
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studies were made in a ‘resting’ state, 10 min after the sample had been placed 
in the experimental set-up. No stimulation had been applied before the experi- 
mental run, since it was observed (Csapo, unpublished), that prior stimulation 
stronger than threshold increases the value of the latter. It can be read from 


Progesterone/ml. 


Fig. 4 Fig. 5 


Fig. 4. Elastic modulus, interpreted as [A], plotted on a logarithmic scale as a function of t, the 
time interval between the beginning of stimulation and the application of the ‘quick release’. 
Experiment done in steady state (with optimum stimulus). ; 


Fig. 5. The tension f developed for a range of field strength EZ, the duration (r) being varied at 
each strength in steps at 0-5, 1, 2, 4, and 8 sec. Individual tracings after treatment in vivo 
with oestrogen (a) and oestrogen + progesterone (b). Experiments (a) and (b) were made 
10 min after the samples were removed from the anaesthetized animals and equilibrated in 
the bath without stimulation. 

“I indicates where the stimulus first breaks through the spontaneous activity. Tracing (c) on the 
left demonstrates the in vitro effect of progesterone (final concentration of 10ug/ml. bath) on 
sample (a), stimulated with optimum stimulus. { indicates interruptions in the tracing 
where progesterone is added to the bath. On the right (c) the effect of progesterone treatment 
in vitro (in a steady state) is compared with (a) on the strerigth-duration relation. 


these graphs that there is a threshold at Z,=0-15 V/cm and 7)=0-5 sec for 
the oestrogen-dominated uterus, while for the progesterone-dominated uterus, 
these values are significantly higher, Z,=0-77 V/cm and 7)=2 sec. 

After in vitro progesterone treatment, the oestrogen-dominated uterus 
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becomes similar in its threshold to the progesterone-dominated uterus. It can 
be concluded, therefore, that one of the characteristics of the progesterone effect 
on the myometrium is a marked increase in the threshold for stimulation. 


Length-tension studies in the uterus 

The length-tension relation is well known for skeletal muscle, but no data 
are available for the myometrium. Fig. 6 represents typical records for the 
oestrogen-dominated uterus. The same sample was studied at three different 
field strengths: suboptimal, optimal and superoptimal. It can be seen that 
maximum tension is obtained in all cases at the resting length. In order to 
define this resting length and observe more closely the shape of the length- 
tension curve at different levels of stimulation, and finally to compare it with 


E =0-77 V/cm E=2-3 V/cm E =12 V/cm 


4 | 
Fig. 6. Tension (f) as a function of length (1) of the same oest dominated uterus at three 


different strengths of stimulation: =0-77 (suboptimal), 2-3 (optimal) and 12-0 (super- 
optimal) V/cm. Duration of stimulus being kept constant at 5sec. Resting length (I,) 
indicated by { is 32 mm in each case. Marks indicate 2 mm change in length. 


the characteristic curves of intact (Ramsey, 1947) and glycerol-treated 
skeletal muscle (Weber & Portzehl, 1952; Goodall, unpublished), Fig. 7 is 
plotted. The scale of tension is given as the ratio f/f,, where 

f= 104 g (3) 
is the maximum tension developed under optimum conditions by the glycerine- 
treated rabbit psoas of comparable weight and length (Goodall, unpublished; 
Weber, personal communication). w =the weight (grams) of actomyosin present 
in the uterus, which is calculated to be 1% of the wet weight (Csapo, 1950). 
|, =resting length, and is defined by the intersections of the tangents (dashed 
line) indicating the resting state length-tension relation. The curves show that 
the level of stimulation alters the shape of the diagram appreciably. At sub- 
optimal stimulus (curve c) the slopes of the diagram are similar to that of 
glycerol-treated skeletal muscle. With optimal (6) and superoptimal (a) 
stimulus, it assumes the shape obtained for intact skeletal muscle, but the 
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negative slope, characteristic of the latter, is not so predominant. A possible 
interpretation of this experiment, regarding curve (c) as characteristic of the 
shortening reaction of actomyosin, is that increasing stimulus alters the 
dynamics of contraction in such a way that there is inhibition of tension 
development at higher tensions as indicated by the difference between curve 
(a) and the tangent at f=0 (dotted line). The fact that this tangent approaches 
the value f/fy=1 at |=], appears to be consistent with this interpretation. 


0-75; 
fifo 
0-50 
0-25- 
0-2 0-4 0-6 0-8 1-0 
I/lo 


Fig. 7. Results of Fig. 6 plotted together on absolute scale. See text for further description. 


Fig. 8 shows the in vitro (b) and in vivo (c) effect of progesterone on the length- 
tension diagram of oestrogen-dominated (a) uterus. It can be seen that the 
effect of progesterone is the same as that of reducing the stimulus. 


The kinetics of contraction as a function of load 

Since progesterone is known to decrease the duration of the isometric con- 
traction cycle (Csapo & Corner, 1952) we were interested to see whether it 
affects the kinetics of the initial part of isotonic shortening studied in detail 
by Hill (1938), Katz (1939), and Buchthal & Kaiser (1951). We measured the 
initial rate of isotonic shortening dl/dt for a range of loads f, the muscle being 
held at resting length (/,) prior to stimulation by a stop (after-loaded). Fig. 9 
shows that the rate of shortening is a function of the load applied. The plot 
(Fig. 10) of dl/dt against f showed a relation expressed by Hill’s equation 


(f+-a) (4) 
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with f approaching a well-defined maximum f, as di/dt + 0. Using this value 
of fy, (fy—f)/dl/dt was plotted (Fig. 11) against f to determine the constants 


b c 


Fig. 8. The effect of tension diagram at optimum strength = 2-3 V/cm. 
a, oestrog inated uterus. b, the same as (a) in steady state with 10ug/ml. progesterone 
in vitro. ¢, progest dominated uterus after in vivo treatment. Resting lengths (I,) are 
32 mm (indicated by ¢). Marks indicate 2 mm change in length. 
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Fig. 9. Shortening Al is plotted against time ¢ in isotonic contraction cycles with varying load 
as parameter. To observe variations in the initial rate of shortening a fast drum has been 
used. Oestrogen-dominated uterus. EZ =2-3 V/cm (optimal), r=5 sec. 


(a, 6) which characterize the kinetics of shortening and are generally referred 
to as ‘shortening constant’ (a) and ‘rate constant’ (b). The straight line 
obtained shows that equation (4) is rather accurately obeyed, demonstrating 
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Fig. 11. Jet a0 » function of f The value of a is given by the intercepts on the f-axis, |,/b by 
ee Symbols as in Fig. 10. 
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the validity of Hill’s equation for the smooth muscle of the uterus. In order 
to make the constants a and b comparable with published values for skeletal 
muscle, it is convenient to express them in the absolute form 


a= n=? (5) 


Table 1 indicates that the time constant (r,) is independent of the hormonal 
status, but considerably larger than the values for skeletal muscle (1-82 sec 
at 20° C, frog sartorius, Hill, 1938; 3-00 sec, frog semitendinosus, Buchthal & 
Kaiser, 1951) with the exception of the tortoise (16-6 sec at 7 =20° C, retractor 
penis, Katz, 1939); the temperature coefficient of 7,, Q,9-* = 1-4, is also notably 


TaBLe 1. Constants of shortening in oestr dominated and progesterone- 


dominated rabbit uteri 
Oestrogen Progesterone 
Temp. ° C 27-5 37-5 27-5 87-5 
a 1-05 0-59 0-50 0-23 
7" 19-0 13-7 19-0 13-7 
1-4 1-4 


smaller than for other muscles where it ranges from 1-95 (semitendinosus) to 3-2 
(sartorius, retractor penis). The ‘shortening constant’ («), however, is larger 
for oestrogen- than for progesterone-dominated uteri, or any other known 
muscle, and has a considerable temperature dependence, Q,,.~'(«)=2-0. It is 
noteworthy, however, that the temperature dependence of the product ar, 
Qo *(ar) = 2-8 lies in the same range as that of skeletal muscle. 

The variation of « raises the question whether Hill’s equation is describing 
an unique rate process, namely shortening; or whether, as implied above, the 
rate of activation is involved. For skeletal muscle Hill’s (1949) work shows 
that the latter rate is some 10 times the former and so the answer there is, 
to fair approximation, affirmative. For the uterus it is obviously less so, but a 
precise estimate calls, as we have indicated, for an improved technique. 


SUMMARY 
1. The effect of a.c. stimulation of varying frequencies and durations was 
studied on the rabbit uterus im vitro. A few experiments were carried out with 
single square wave d.c. pulses. Maximum tension was 5 only obtained by a.c. 
stimulus between the frequency range 30-100. 
2. Uterine muscle under progesterone domination was found to have a 
significantly higher threshold than that dominated by oestrogen. 
3. The strength-duration-tension relation indicated that the uterine muscle 
requires a relatively long time for activation as compared to skeletal muscle. 
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Preliminary experiments observing the effect of ‘quick release’ supported this 
assumption. 
4, The length-tension diagrams indicated that maximum tension is obtained 
at the resting length. The shape of the diagrams depended on the strength of 
stimulation and the dominant ovarian hormone. 
5. The kinetics of isotonic shortening of the uterus were studied as a function 
of load and were found to obey Hill’s equation. 
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GLYCOLYSIS IN THE CORNEA OF THE RABBIT 
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Numerous investigators have observed that the excised cornea respires and 
that glycolysis takes place in both aerobic and anaerobic conditions. In 
particular, Kohra (1935), Fischer (1940) and deRoetth (1951) observed that 
in the absence of oxygen the rate of glycolysis increased in all corneal layers— 
the epithelium, the stroma and the endothelium. Further, they demonstrated 
that the collagenous stroma, comprising nine-tenths of the corneal mass, 
possessed a very low metabolic activity compared to the outer cellular layers. 
Kohra studied rabbits, deRoetth cattle, while Fischer did not state the species 
employed. All these authors used a manometric technique to determine 
glycolytic rates, and deRoetth in addition made simultaneous analyses of the 
rate of accumulation of lactic acid in the cornea using a chemical technique. 
His findings differed from earlier workers in one important respect in that he 
observed no glycolysis or lactic acid accumulation in the epithelium in the 
presence of oxygen. 

An absence of lactic acid production in the epithelium in aerobic conditions 
is not readily reconciled with the observation that lactic acid exists in this 
layer in a concentration exceeding that in the stroma both in bovine and 
rabbit cornea (Herrman & Hickman, 1948; Langham, 1952). In an attempt 
to elucidate this problem the rate of glycolysis in the whole excised cornea of 
the rabbit has been determined and related to the rate of accumulation of 
lactic acid in aerobic and anaerobic conditions, and to the rate of ~~ in 
the component layers determined by a manometric technique. 

The supply of oxygen to the cornea presents special problems, and it is still 
uncertain whether the tissue can obtain sufficient to respire at a maximal rate. 
In an earlier investigation (Langham, 1952) it was observed that the con- 
centration of lactic acid in the cornea of the rabbit decreased when the 
atmospheric oxygen tension was raised. The possibility that this may reflect 
_ @ change in the rate of accumulation of lactic acid has now been investigated 

by comparing the rates at which lactic acid accumulates in the cornea of the 
living animal and in the excised tissue. 
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METHODS 


In all experiments corneae were removed from adult rabbits of each sex immediately following 
inducement of a general anaesthesia by a solution of pentobarbitone sodium (Nembutal) given 
intravenously. 

Determination of lactic acid. The rabbit cornea weighing approximately 70 mg was placed in 
2 mi. of a boiling 8% solution of trichloroacetic acid. With the aid of a glass rod the cornea was 
broken up and filtered into a 10 ml. graduated flask. To ensure complete extraction of the lactic 
acid the precipitate was washed at least 3 times with small volumes of hot distilled water. To 
partially neutralize the acid extract, 0-5 ml. of 1-7~"-NaOH was added before making up to the 
final volume of 10 ml. A sample of this extract, containing approximately 30 yg of lactic acid 
(normally 4 ml.) was then treated according to the technique described by Barker & Summerson 
(1941). In this concentration range the accuracy of the method was 1-2%. Estimations, which 
include two standards (lithium lactate), were made immediately after the experiment. 

Manometric measurements. Confusion has arisen previously in the interpretation of results on 
the cornea over the use of the term ‘rate of glycolysis’ which has sometimes been used to denote 
rate of lactic acid production, measured chemically, and sometimes, rate of acid production, 
measured manometrically (deRoetth, 1951; Kinsey, 1952). To avoid any confusion the symbol 
q:.4. Will be used to signify the rate at which lactic acid (ug) accumulates in 1 mg of dry tissue per 
hour whilst the more conventional Q, will be used to denote the rate of evolution of carbon 
dioxide (yl.) by 1 mg of dry tissue per hour in a bicarbonate buffer. The Warburg method described 
by Dixon (1951) was used to measure the rate of acid production. A Krebs-Ringer bicarbonate 
solution (Umbreit, Burris & Stauffer, 1949) to which was added glucose to a concentration of 
100 mg/100 ml. was gassed with a mixture of 5% CO, and 95% N, or O, before being run into the 
flasks, The flasks each containing one cornea were gassed with the same mixture at 37° C for a 
period of 30 min; this period was found necessary to get maximal anaerobic effects. 

Following the period of gassing the flasks were allowed to equilibrate. Manometric readings 
were begun | hr after the excision of the cornea and were taken at intervals of 15 min. To determine 
the rate of acid production aerobically it has been necessary to assume an R.Q. of unity (Duane, 
1949; deRoetth, 1950). Direct manometric determination of the rate of acid production in the 
stroma was made after removal of the epithelial and endothelial cells by scraping. Because of their 
small mass and the ease with which metabolic changes occur when these tissues are damaged it 
was not possible to measure the epithelial and endothelial activity by this means. The activity of 
the epithelium was calculated from a comparison of the activity of the whole cornea with that of 
a second cornea, in which the epithelium had been scraped off and taken from the same animal. 
An approximate value for the endothelium was deduced from figures obtained for the activities of 
the epithelium, stroma and whole cornea. More accurate data for the endothelium could not be 
obtained because of its very small mass compared with the stroma. 

Lactic acid accumulation in the excised cornea. Two corneae removed from the same animal were 
used to determine the rate of lactic acid accumulation in the excised tissue. The corneae were 
equilibrated with the appropriate gas phase for 60 min in Krebs bicarbonate buffer containing 
glucose (100 mg/100 ml.). One cornea with its suspending medium was then added to a solution 
of trichloroacetic acid and the second cornea treated similarly after a further time interval. The 
concentration of lactic acid in both corneae was then determined. 

The estimation of the rate of accumulation of lactic acid in the excised cornea in the time 
immediately following excision of the cornea was made by placing the control cornea immediately 
into trichloroacetic acid solution. The second cornea was placed epithelial face upwards in a dry 
glass well in a flask containing a small volume of physiological saline. Substrate was unnecessary 
in this series of experiments and owing to the shorter experimental periods no suspending fluid 
was used. In this series of experiments the average weight of the corneae was 77-0 mg (mean of 68) 
and the ratio of the control to experimental corneae 1-007 (34). 
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RESULTS 

The rate of accumulation of lactic acid in the component layers of the excised 
cornea. The rate of accumulation of lactic acid in aerobic and anaerobic con- 
ditions remained constant over an experimental period of at least 3 hr. The 
results recorded in Table 1 show that a maximal utilization of oxygen by the 
excised cornea leads to a decrease of approximately 70% in the rate of 
accumulation of lactic acid. Damage to the epithelial and endothelial cells 
leads to an increase in the rate of lactic acid production, but errors from this 
cause should be small for the epithelial and endothelial layers were examined 


and if found to be damaged after the experimental period the results were 
rejected. 


TaBLE 1. Glycolysis in whole excised cornea in N, or O,. 91,4. represents yg lactic acid/mg dry 

. wt./hr. Qg represents ul.CO, evolved/mg dry wt./hr in Krebs bicarbonate medium. Duration 

of experiments 2 hr. Q* has been calculated on the basis of an B.Q. of unity. Results are 
expressed as arithmetic mean + standard error of the mean. 


Chemical 4 Manometric 
Anaerobic (95% N, +5% CO,) 10-5 +0-97 (6) 2-624 0-12 (18) 
Aerobic (95% O, +5% CO,) 2-76 + 0-20 (12) 1-43 +.0-15 (18) 


Taste 2. Acid production and respiration in the three main component layers of the cornea of the 
rabbit. Q, represents ul. CO, evolved in Krebs bicarbonate buffer/mg dry wt./hr on the basis 
of an 8.Q. of unity. Qo, representa yl.O, absorbed/mg dry tissue/hr (Qo, values taken from 
Langham, 1952). Values for the whole cornea and the stroma were obtained by direct 
measurement. Epithelial values were calculated from the difference in the activity of the 
whole cornea and a second cornea, whose epithelium had been scraped off. Endothelial values 
were computed from a comparison of grouped data on the whole cornea, epithelium and 
stroma. Results are expressed as arithmetic mean + standard error of mean. 


Qa Aerobic Qa Anaerobic Qo, 
Whole comes 0-165 (18) 2-62.4.0-12 (12) 0-864 40-082 (27) 
tes (6) 6-25 +0°54 (6) 
troma + 5140-05 (6 0-23 
Endothelium 7-04 17-7 5-7 


Similar experiments on the component layers of the excised cornea were 
made using the manometric technique to determine the total rate of acid 
production; the results are recorded in Table 2. Values for the whole cornea 
and stroma were obtained by direct measurement, but values for the epithe- 
lium and endothelium had to be deduced indirectly. Thus the epithelial activity 
was calculated from the difference in the values found for the whole cornea and 
one from the same animal which had its epithelium scraped off; endothelial 
activity was computed from grouped data of results on the whole cornea, 
epithelium and stroma. It is apparent from Table 2 that the rate of acid 
accumulation in the epithelial and endothelial layers decreases greatly in the 
presence of oxygen. In the stroma, which has a low (Langham, 1952) or 
negligible respiratory activity (Duane, 1949) the change between the anaerobic 
and aerobic values is barely significant (0-1 > P > 0-05). 
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In using data from manometric observations it is to be noted that total acid 
accumulation may not be equivalent to the rate of lactic acid accumulation, 
and in consequence experiments were made to investigate this question. At 
37° C and 1 atm. pressure 1 yl. of carbon dioxide is equivalent to 3-9 yg lactic 
acid. The values found for the whole cornea are included in Table 1 and showed 
that in anaerobic conditions the total acid accumulation was equivalent to the 
accumulation of lactic acid. In contrast, when respiration was maximal the 
amount of lactic acid accumulated accounted for only half the total acid, 
assuming that the R.Q. of this tissue is unity (Duane, 1949; deRoetth, 1950). 
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Fig. 1. The accumulation of lactic acid in the freshly excised cornea. Each point has been cal- 
culated from the difference in the concentration of lactic acid in the control cornea analysed 
at time of excision and the experimental cornea analysed 7' min after excision from the 
animal, 


The rate of accumulation of lactic acid in the freshly excised cornea. Corneae 
removed from the two eyes of the living animal were found to contain equal 
concentrations of lactic acid, a ratio of 1-00 + 0-019 being observed in a series 
of eight rabbits. The relation between the concentrations of lactic acid in the 
excised cornea and time will be determined by the nature of the atmosphere, 
the availability of substrates, and possible metabolic changes within the 
cornea; at the beginning of the experiment these factors would be minimized. 
The increase in concentration of lactic acid in the freshly excised cornea in 
humid air at 37° C is recorded in Fig. 1. Each point represents the difference 
in concentration of lactic acid between the two corneae of the same animal, 
and as this is zero at the moment of excision the relation must pass through 
the origin. For small time intervals the points are best represented by a 
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straight line passing through the origin. The slope of this line is a measure 
of the increase in lactic acid concentration in the cornea and a value of 
0-121 +0-0087 (a.m.+8.z.) ug lactic acid per mg dry weight per min was 
calculated for the six values from 7 =0 min to 7 =12 min. The slope begins to 
decrease beyond this point, and it was therefore considered inadvisable to use 
values greater than 12 min to obtain a more accurate estimate of the slope in 
the initial period. ; 

The decrease in the rate of accumulation of lactic acid to zero in approxi- 
mately 60 min is in agreement with the observation of numerous workers 
using the manometric technique that no glycolysis occurs in the excised cornea 
in the absence of substrate. Utilization of lactic acid by the excised cornea 
was investigated by prolonging the experimental period beyond the time at 
which accumulation of lactic acid ceased. The results for experimental periods 
up to 140 min are included in Fig. 1 and are suggestive that lactic acid may 
be utilized in the excised cornea. However, in similar experiments in which 
the cornea was maintained sterile for 24 hr the concentration of lactic acid 
“still exceeded that in the control cornea. 


DISCUSSION 

The rates of glycolysis in the whole excised cornea of the rabbit in aerobic and 
anaerobic conditions agree with those reported by Kohra (1935). Similarly, 
the observation that the most active metabolism occurs in the epithelial and 
endothelial layers agrees with the same author but differs as to the absolute 
values recorded. This discrepancy could be readily explained if the epithelial 
and endothelial layers were assumed to occupy a greater corneal volume than 
actually is the case for it is necessary to know these to calculate their activities. 
Unfortunately, Kohra did not state how these were determined. 

It is of interest that there are certain species differences in respect of corneal 
metabolism. deRoetth (1951) determined the rate of accumulation of lactic 
and total acids in excised bovine corneae, and concluded from his observations 
that the epithelium had no aerobic glycolysis. This contrasts with the present 
findings and those of earlier workers that aerobic glycolysis takes place in the 
corneal epithelium of the rabbit. Again working on bovine cornea Herrman & 
Hickman (1948) concluded that the oxygen uptake of the cornea was sufficient 
for the complete oxidation of the carbohydrate utilized, and that oxidation of 
lactic acid took place only in the presence of the epithelium. In rabbit 
corneae there can be little oxidation of lactic acid since the production of 
7-26 wg per mg dry tissue per hr would necessitate an uptake of 6-7 yl. of oxygen 
for complete oxidation, whereas the maximal uptake of oxygen is 0-86 yl. per 
mg dry tissue per hr. 

The conclusion of deRoetth (1951) that no aerobic glycolysis occurs in 
bovine corneal epithelium is not readily reconciled with the observation of 
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Herrman & Hickman (1948) that the concentration of lactic acid in the 
epithelium of bovine corneae exceeds that in the stroma, unless an active 
transfer of lactate from the stroma to the epithelium occurs, as suggested by 
Friedenwald (1948). In rabbits the concentration of lactic acid in the epithe- 
lium is greater than in the stroma (Langham, 1952), but this is readily 
explicable from the observation that lactate production occurs within the 
layer. 

In the absence of an appreciable loss of lactic acid by oxidative or non- 
oxidative metabolism a substantial fraction of the lactate ions produced in the 
cornea must pass into the surrounding tissues. Diffusion across the corneal 
scleral junction into the capillaries will be limited by the small area of contact, 
and the adverse concentration gradient existing between the scleral tissue sur- 
rounding the corneal scleral junction and the stroma (Langham, 1952). 
Diffusion through the epithelium is likely to be small in view of its keratinized 
multicellular structure and its high content of lactic acid. In contrast, the 


concentration of lactic acid in the aqueous humour is well below that in the . 


stroma and exchange here will be limited only by the properties of the thin 
unicellular layer of flattened endothelium. 
The exchange across the endothelial barrier may be represented by the 

equation 

dC, AK,, 

aM, fa 3’ 
where dC,/dt is the rate of production of lactic acid in the stroma in unit time, 
M, is the weight of the stroma, A is the superficial area of the stroma and C, 
and C, are the concentrations of lactic acid in the stroma and aqueous humour 
respectively. This equation is analogous to that used by Maurice (1951) in his 
study of the permeability to sodium ions of the living rabbit cornea. All the 
terms are known except r,,, the steady state ratio of the activities of the 
lactate ion between the aqueous humour and the stroma; however this may 
be expected to be approximately the same as chloride, namely 0-7 (Davson, 
1949). Applying this data K,,, for the lactate ion has been evaluated and found 
to be within the limits of 0-069 and 0-075 cm. hr-' which agrees with the value 
of 0-072 cm. hr-! found for the sodium ion by Maurice (1951). This result was 


to be expected. if all the lactate diffuses across the endothelial barrier as 


Maurice (1953) has shown that its permeability to all the ionized substances 
of small molecular weight that have been measured is of the same order of 
magnitude, 

It is difficult to say why the rate of accumulation of lactic acid in the freshly 
excised cornea (q;, 4. 7°26) is higher and lower than in the excised tissue bathed 
in Krebs phosphate in presence of oxygen (9,4, 2°76) and nitrogen (q;,. 10-7) 
respectively, The possibility that the cornea of the rabbit produces _ acid 
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at a high rate because of an insufficient supply of oxygen to maintain a maximal 
respiration is in agreement with the observations of Langham (1952), that an 
increased oxygen tension in the tear fluid leads to a decreased concentration 
of lactic acid in the cornea. On the other hand, it is quite possible that the rate 
_ of production of lactic acid in the excised cornea immersed in a Krebs phosphate 
medium does not reflect the true limits of glycolytic activity in the cornea of 
the living animal for it is well known that the limiting layers of the cornea are 
very readily injured. Similarly, the decrease in concentration of lactic acid in 
the cornea of the living animal in presence of excess oxygen may result from 
a changed diffusion gradient across the endothelial-aqueous humour barrier. 

A definite answer to this problem will, it is hoped, be obtained by the more 
direct approach of measuring the rate of passage of oxygen across the cornea 
(Heald & Langham, 1953). 

SUMMARY 

1. The rates of aerobic and anaerobic glycolysis in the component layers of 
the excised cornea have been measured, both aerobic and anaerobic activity 
having been observed in all three layers. In the stroma the rate of acid pro- 
duction is unaffected by oxygen tension in contrast to the marked changes 
found in the epithelium. 

2. In the whole excised cornea the rate of acid production in anaerobic 
conditions was found to be equivalent to the rate of accumulation of lactic 
acid. In contrast in aerobic conditions accumulation of lactic acid accounted 
for only half the total acid formed. 

3. The rate of accumulation of lactic acid in the whole excised cornea has 
been found to decrease 74% in the presence of an atmosphere of oxygen. 

4. The rate of accumulation of lactic acid in the cornea of the living rabbit 
has been estimated from the rate at which this acid accumulates in the excised 
tissue immediately following excision and found to exceed that in the excised 
cornea in aerobic conditions. The reasons for this difference are discussed. 


I wish to express my thanks to Sir Stewart Duke-Elder for his interest in this work and to the 
Medical Research Council for defraying the cost of this research. I am also indebted to Miss S. 
Scotchbrook for her technical assistance. 


REFERENCES 
BARKER, J. B. & Summerson, W. H. (1941). The colorimetric determination of lactic acid in 
biological material. J. biol. Chem. 188, 534-554. 


Davson, H. (1949). Some considerations on the salt content of fresh and old ox corneae. Brit. 
J. Ophthal. 33, 175-182. 


pERoerts, A. Jr. (1950). Respiration of the cornea. Arch. Ophthal., N.Y., 44, 666-676. 
pERortts, A. Jr. (1951). Glycolytic activity of the cornea. Arch. Ophthal., N.Y., 45, 139-148. 
Dixon, M. (1951). Manometric methods, 3rd ed. Cambridge University Press. 

Duane, T, D. (1949). Metabolism of the cornea. Arch. Ophthal., N.Y., 41, 736-749. 


Fiscner, F. P. (1940). The biochemistry and metabolism of the eye. In Modern Trends in 
Ophthalmology, pp. 348-360. Drpiey, F. & Sorspy, A. New York: Hoeber. 


az FAR Ree 


i 

4 

| 
| 

| 
| 


CORNEAL METABOLISM | 403 
, J. 8. (1948). and j . . 
Pare ). Summary some possible interpretations. Johns Hopk. Hosp 


Heap, K. & Lanonam, M. E. (1953). Oxygen supply to rabbit cornea. J. Physiol. 122, 15-16 P. 


Herrman, H. & Hickman, F. H. (1948). Exploratory studies on corneal metabolism. Johns 
Hopk. Hosp, Bull, 82, 225-250. 


Kuvsey, V. pie page Physiologic chemistry of the A review of papers published during 
1951. Arch, Ophthal., N.Y., 48, 498-516. te sf 


Konra, T. py Acta Soc. Ophthal., Jap., 382, 1429; German summary, p. 107. 


LanouaM, M. E. (1952). Utilization of oxygen by the component la of the living cornea. 
J. Physiol. 117, 461-470. wae 


Mavrice, D. 3 nage The permeability to sodium ions of the living rabbit’s cornea. J. Physiol. 
112, 367 


Mavrice, D. M. (1953). The permeability of the cornea. Ophthal, Lit., Lond., 7, 3-26. 
Umsrert, W. W., Burris, R. H. & Stavrrer, J. F. (1949). Manometric Techniques and Tissue 
Metabolism. Minneapolis: Burgess. 


a 
4 
q 
‘ 
a 
’ 
is 
i 


404 
J. Physiol. (1954) 126, 404-411 


STEEP FREQUENCY-OF-SEEING CURVES 
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In experiments made on trained human subjects to determine the minimum 
amount of light necessary for vision, a range of uncertain seeing of the order 
of 1 log, unit in light intensity is generally observed near the absolute thres- 
hold. On account of the very small number of light-quanta acting upon the 
retinal rods in such experiments, this uncertainty of seeing must be due largely 
to physical fluctuations of the light stimulus itself, but the possibility is not 
ruled out that biological variations also occur in the sensitivity of the organism 
(Hecht, Shlaer & Pirenne, 1942; Pirenne, 1951; Denton & Pirenne, 1951). 
In any one experiment made to determine the frequency-of-seeing curve of 
a subject, it is not known whether the retinal threshold n, that is the minimum 
number of absorbed quanta necessary for seeing, remains really constant or 
whether it undergoes certain variations from trial to trial. (Since m is an 
integral number the smallest possible variation is of course +1 quantum.) 

It is therefore important to examine independent evidence concerning the 
functional stability of the visual system. Steep frequency-of-seeing curves 
obtained under conditions more complicated than those of the simple absolute 
threshold are of interest in this respect. The observed frequency-of-seeing 
curve must in any case be the result of physical, biological (and possibly 
instrumental) variations. Thus if a steep frequency-of-seeing curve is obtained 
in an experiment it is safe to conclude at any rate that the average biological 
variation from trial to trial cannot have been larger than the total range of 
uncertainty indicated by the curve (Denton & Pirenne, 1954). Some of the 
frequency-of-seeing curves to be described in this paper show that, according 
to that line of argument, the corresponding biological variations cannot have 
exceeded a total range corresponding to 0-1 log,, unit of light intensity. — 


METHODS 
The results to be presented here were obtained in the course of experimental studies on the use 
of binoculars at night, undertaken by the National Physical Laboratory at the instigation of the 
Department of Scientific Research of the Admiralty. 
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The apparatus used is described in naval circles as a night look-out table. The observer was 
seated on a rotating seat (Air Look-Out Sight, Patt. 12951) at the centre of a circular building of 
43-5 ft. radius and 18-5 ft. height. A quadrant of the walls was hung with white material to simu- 
late the sky, the lower 5 ft. being covered with grey paper to represent the sea. The ratio of 
reflexion factor of sky to sea was 2:1. (This approximates to the mean of values measured at 
Portsmouth, Weston-super-Mare and Sidmouth. Obviously the value chosen is somewhat arbitrary, 
as actual conditions vary enormously.) The rotating seat carried the binoculars or telescope under 
test, also a lens, of focal length equal to the radius of the building, mounted in front of the 
binoculars to remove the screen to apparent infinity. Lamps for illuminating the screen were 
mounted over the observer’s head to avoid throwing visible shadows on the screen from objects 
mounted in front of it. The colour temperature of the light reflected by the screen representing the 
sky was about 2800° K. 

The objects observed were ship silhouettes of various types. The silhouettes were cut from card, 
painted or papered to the desired reflexion factor, and provided with tabs projecting downwards 
which could be slipped behind the grey paper representing the sea, so that the object appeared as 
if just on the horizon. Variation in range was simulated by variation in size of object. 

In making the observations for the determination of the efficiency of binoculars the criterion 
adopted was that the object should be just definitely visible. Usually, the conditions under which 
this criterion held were determined by making small progressive increases in the luminance of the 
field of view until such a luminance was found that the observer could just pick up the object 
without mistake. The position of the object might be anywhere within a horizontal angle of 60°, 
and between each observation the position was changed to one unknown to the observer, so that 
a fresh search for it had to be made. This enabled the correctness of the observer's answer to be 
checked by whether or not he gave the right position of the object. No restrictions on method of 
scanning were imposed, beyond adequate care. 

In order to assess the value of small increases in light transmission of the binoculars, such as are 
afforded by blooming, it is necessary to consider the probability of detecting an object. In general, 
as the level of field luminance increases there comes a range over which the probability of detecting 
a certain object increases continuously from 0 to 1. If the object is being observed through 
binoculars within this range, the effect of blooming will show itself as an increase in the probability 
of detecting the object, the amount of the increase depending upon the slope of the curve of 
probability against field luminance. The curves obtained in connexion with this practical purpose 
form the main object of the present paper. 

The degree of peripheral vision used was subconsciously chosen by the observer to be that most 
suitable for the brightness level and size of object concerned. It has been shown in related 
experiments (Crawford, 1947) that a given observer can be quite consistent in such a choice 
though the faculty is not usually developed without instruction and experience. 


RESULTS 
A number of probability of detection curves for various observers using 
binoculars are given in Fig. 1. Each point represents the number of correct 
detections out of ten trials of a ship model (armed merchant trawler, assumed 
size 100 x 10 ft., reflexion factor 12-5°) at the corresponding sky luminance. 
The model was put in a different unknown position for each trial, which lasted 
about 14 min. Taking the increase in transmission due to blooming as 15° — 
an average figure for the 7 x 50 binoculars—it will be seen that for the majority 
of the observers tested, this corresponds to an increase in probability of 
detection from 0-05 to 0-95, that is, from practically complete impossibility of 
detection to almost complete certainty when the ship is at a critical range. 
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Such a result is very appreciable in practice and demonstrates the general 
usefulness of blooming. Its interest in the present connexion is that it indicates 
a rather high degree of biological stability which can be maintained by a pro- 
portion of observers over considerable periods. 


Range==/12,400 yd. Range=={5200 yd. 


Observer: F.J.C.B. Observer:/ 8.H.C. Observer F.E.A. 


Probability of detection 
3 
ae 


logio luminance (cd/ft.?) 
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Range= 3900 yd. 
Observer: A.S.K. 


Range=5200 yd. 
Observer: B.H.C. 


Range=5200 yd. 
Observer: C.S. 


Probability of detection 
3° 
1 


64 65 66 67 $8 69 30 67 68 69 
log luminance (cd/ft.’) 


Fig. 1. Relation between probability of detection and field luminance using 7 x 50 bloomed 
binoculars (Army No. 5, same as Patt. 1900), for various subjects and various simulated 
ranges, the target being an armed trawler of assumed size 100 x 10 ft. Note that the log. 
intensity scale here is different from that in Fig. 3. 


For a simulated range of 5200 yd., the angular size of the 100 x 10 ft. target 
seen through 7 x 50 binoculars was 2-57° x 0-26°. The ‘sky’ luminance neces- 
sary for detection of the target under such conditions was of the order of 
10° ed/ft.*. Allowing for the transmission of the binoculars this becomes 


8-0 x 10-* cd/ft.? (8-6 x 10-* cd/m?). Taking the colour temperature of the ‘sky’ 


to be 2800° K and the pupil area to be 0-5 cm?, and neglecting losses in the eye 
media, this should be equivalent in rod vision to about 1900 quanta of 
A=0-51 » per sec reaching a retinal area equal to that of the image of the 
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target. (For the method of calculation see Denton & Pirenne, 1954.*) The 
above result corresponds to a mean value of about 190 quanta per 0-1 sec, 
which duration may be taken as an estimate of the retinal action time. Now 
the minimum energy for vision measured at the cornea was found to be of the 
order of 100 quanta (Hecht et al. 1942). The present very approximate calcula- 
tion thus indicates that the amounts of radiant energy involved in the present 
visual process are probably of the same order of magnitude as the minimum 
energy required for vision. It must be borne in mind in the present connexion 
that the order of size of the retinal units involved here may be nearer to } x }° 
than to 24 x }°,‘in which case the energy per unit would be less than the value 
estimated above. With regard to the amounts of energy involved, the situation 
in the present experiments thus seems similar to that in experiments on visual 
acuity made using Landolt C test objects (Pirenne & Denton, 1952). 


DISCUSSION 


On the basis of the reasoning outlined in the Introduction, the steepest curves: 


of Fig. 1 show that the average biological sensitivity of the subject during each 
of the 14 min trials necessary to plot one curve did not vary by more than 
about 0-1 log unit. The sensitivity may have varied by a greater extent from 
moment to moment during each 14 min trial, but from one trial to the next 
during one experiment the average sensitivity did not vary outside the above 
limits. 

Sometimes the general sensitivity of an observer changed from one experi- 
ment to another, a common finding in visual experiments. Observer F.J.C.B., 
for instance, gave in two experiments two similar probability-of-detection 
curves separated by 0-11 log,, unit on the luminance scale. 

For certain subjects the range of uncertain seeing in a single experiment was 
greater than 0-1 log unit. For subject A.S.K. it was about 0-4 log unit. It 
seems unlikely that this was due to larger quantum fluctuations; it is more 
probably due to biological factors, such as differences in the way of using the 
eyes. 

The experimental conditions here are different from and much more com- 
plicated than those corresponding to simple threshold measurements made 
using a flash of light, and a quantitative interpretation of the frequency-of- 
seeing curves can hardly be attempted at the present stage. It may be shown 
however that the steepness of the curves of Fig. 1 is not due to an essential 
difference between the case of the dark targets used here and that of the bright 
targets used in simple threshold experiments. 

Fig. 3 shows that frequency-of-seeing curves similar to those obtained for 
a bright test object upon a zero-intensity background can be obtained using 
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a black test object (Fig. 2) presented against a bright uniform field. The test 
object here was a black disk 4° in diameter placed at the centre of a Maxwellian 
field the diameter of which subtended 45° at the eye. The field was lit in 0-10 sec 
flashes with green light (Ilford filter 604), the experimenter controlling the 
intensity of each exposure. A fixation point was placed 20° to the left of the 
centre of the disk. The subject, after dark-adaptation, viewed the fixation 


100;- 
- x 
3S 
0 
Tis 105 
logy (light intensity) 
Fig. 2 Fig. 3 


Fig. 2. Experimental arrangement used to obtain the results shown in Fig. 3. The large circle 
represents the field, 45° in diameter, which was illuminated in flashes of 0-10 sec duration. 
(The region outside this circle remained permanently in darkness.) The test object was the 
black disk, 4° in diameter, depicted in the centre of the 45° circle. The point FP was a small 
red fixation point placed at an angle of 20° from the centre of the black disk. 


Fig. 3. Frequency of seeing the black test object of Fig. 2 plotted against the intensity of the 
flashes lighting the surrounding 45° field. Twenty trials consisting of one flash were made at 
each intensity level in each experiment. The circles (© ) represent particularly regular results 
obtained in one experiment ; a smooth curve has been drawn empirically through these points. 
The crosses ( x ) represent less regular results obtained on another day for the same subject 
(m.H.P.). The absolute limit of visibility of the bright 45° field itself for the same flash duration 
corresponded approximately to the end of the experimental curve, near I1-5 on the log. 
intensity scale. The light intensity is expressed in ergs of radiant energy (0-51 ») passing 
through the artificial pupil per square degree of the field per 0-10 sec flash. (The relative 
values have an accuracy of about 0-01 log,, unit, but the absolute values may suffer from an 


error of 0-1 or 0-2 log,, unit; the energy scale had been determined by the method used by 
Denton & Pirenne, 1954.) 


point with his left eye through an artificial pupil 2 mm in diameter and, when 
he was ready, released the shutter for an exposure. He then signalled whether 
or not he had detected the presence of the black disk in the centre of the large 
illuminated field. The different intensities were presented in a random sequence. 
In same of the trials, unknown to the subject, the experimenter removed the 
black disk while the rest of the trial was performed as usual; the subject never 
reported seeing the disk after such ‘blank” presentations. Fig. 3 shows that 
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the range of uncertain seeing is here of the order of 0-75 log unit. This is some- 
what less than in simple threshold experiments, but much greater than in the 
case of the steeper curves of Fig. 1. 

For a 50% frequency of seeing, the mean amount of energy emitted per 
flash by a field area equivalent to the area of the black disk and striking the 
cornea of the subject’s eye was equivalent to about 500 light quanta of 
A=0-51 p. This is also the order of magnitude of the absolute threshold of a 
field of the same area, namely a 4° bright circular field on a zero-intensity 
background. It seems likely that at these light intensities the receptor units 
forming the functional retinal mosaic are not always all excited and that the 
black disk is seen when it determines on the retina an unexcited patch 
significantly larger than the unexcited patches which should occur naturally 
even in the illuminated part of the retinal image. The naturally occurring 
_ patches becoming smaller and fewer when the intensity increases, this would 
explain that the black disk is more easily seen at higher intensities. 

According to the energy values estimated in ‘Results’ a similar situation 
might occur in the case of the experiments of Fig. 1 made with binoculars. The 
experimental conditions, apart from retinal location, etc., differ in one im- 
portant respect, however. In the case of Fig. 1, since the background around 
the target is continuously illuminated, detection of the dark target may be 
determined by the coming into action of optic nerve fibres giving an ‘off’ 
discharge (Hartline, 1938, 1940) when the light which previously reached their 
receptive fields is cut off, in whole or in part, by the dark image of the target 
which is suddenly made to fall into their receptive field as a result of a saccadic 
displacement of the eye. In the experiments of Figs. 2 and 3, on the other hand, 
complications due to ‘off’ fibres are unlikely to occur. Here light is not cut 
off in such a way from the retinal area corresponding to the image of the black 
disk, since in fact this area is never illuminated at all. As to the ‘off’ fibres 
situated in the parts of the field which do receive the light flash, it is uncertain 
whether they play a significant part in the experiment. Accordingly, in the ex- 
periments with binoculars the basic frequency-of-detection curve, corresponding 
to single fixation pauses, might be quite different from the curve of Fig. 3. 

It must be expected on general grounds of probability that the observed 
curve will tend to become steeper when each trial is so lengthened that it 
consists of increasing numbers of elementary retinal exposures corresponding 
to single fixation pauses (Denton & Pirenne, 1954). Each 14 min trial of the 
experiments of Fig. 1 should be equivalent to many individual attempts to 
find the target. It is true that the limiting slope of the resulting curve for an 
infinite number of elementary exposures (cf. Brindley, 1954) would probably 
not be great enough to explain the steep curves of Fig. 1 if it were calculated 
on the basis of the curve of Fig. 3. But we have just seen that the basic curve 
in the case of the experiments of Fig. 1 may be different from that of Fig. 3. 
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As stated at the beginning of this discussion, the empirical fact remains that 
in the experiments of Fig. 1 the behaviour of certain subjects indicates a rather 
high functional stability of the visual system. While of course this does not 
prove, in simple absolute threshold experiments, that the variations of the 
retinal threshold n were also restricted within a range of 0-1 or less than 
0-1 log,» unit, it does show that this cannot be dismissed as an impossibility. 
In this connexion it is interesting to note that a change in » from 6 to 7 or from 
6 to 5 would correspond to a change of +0-07 or —0-08 log,, unit. Thus a 
maximum variation of 0-10 log unit here would not allow for a variation of 
more than 1 quantum in the value of n. 

The experiments with binoculars (Fig. 1) show large differences between 
observers. It might lead to clarification of the problem if a range of observers 
could be selected on the basis of such experiments as these and used for 
determination of the simple absolute threshold. If the observers, including | 
those giving steep curves in experiments of the type of Fig. 1, then gave the 
much less steep frequency-of-seeing curves usually obtained in the simple 
threshold experiments, this would give further support to the theory that the 
dominant role in the case of the simple absolute threshold is played by 
quantum probability rather than biological instability. In this connexion, 
however, it must be borne in mind that while some observers have given very 
flat frequency-of-seeing curves in the simple absolute threshold experiments 
no subject, however experienced, has so far given a very steep curve in such 
experiments (cf. Denton & Pirenne, 1951). 


SUMMARY 


1, In experiments on the use of binoculars to detect a dark target against 
the night sky, frequency-of-detection curves having a luminance range of 
uncertain seeing of about 0-1 log,, unit were obtained for a number of subjects. 
This indicates a rather high degree of biological stability which can be main- 
tained by a proportion of subjects over considerable periods. 

2. The implications of these results are discussed in connexion with the 
problem of biological versus physical fluctuations in experiments on the simple 
absolute threshold. 

3. Further experiments on the detection of a black test object presented 


against an illuminated field were made uniocularly using the method of 
fixation and flash. 
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THE EFFECT OF HAEMORRHAGE AND HYPOTENSION ON 
THE LIVER BLOOD FLOW 


By D. H. JOHNSON 
_ Department of Pathology, University of Bristol 


(Received 21 January 1954) 


The effect of haemorrhage and prolonged hypotension on liver blood flow has 
been investigated in the dog by Wiggers, Opdyke & Johnson (1946) using 
differential pressure measurements to assess vascular changes within the liver. 
They demonstrated that, during haemorrhagic hypotension, there was an 
increase in hepatic resistance to portal flow which resulted in pooling of blood 
in the splanchnic area. In their opinion this was an important factor in the 
development of irreversible circulatory collapse which ensued. 

In other species, however, ‘pooling’ has not been observed to accompany 
haemorrhage. On the other hand, it has been shown that with prolonged low 
blood pressure, liver blood flow and liver metabolism are depressed and it is 
postulated that one result of this may be accumulation of toxic materials, e.g. 
vasodepressor material (v.p.m.) of Shorr, Zweifach & Furchgott (1945), in the 
blood which contribute largely to the generalized circulatory collapse. 

A more precise knowledge of blood flow reactions in the liver is clearly 
necessary to a better understanding of the problems involved yet, until re- 
cently, such measurements have been difficult. These difficulties have been, in 
part, overcome by the development of internal calorimetry (Grayson, 1952) 
which has been used in the present work to measure blood flow changes which 
occur with haemorrhage and after the subsequent replacement of blood. The 
method has been applied in the rat and it has been possible to investigate the 
problem in a species which resembles man in the anatomy of its hepatic veins. 


METHODS 

Internal calorimetry. The technique has been fully described by Grayson (1952) and consists of 
the measurement of changes in thermal conductivity in the vicinity of a small wire recorder 
embedded in the liver. It is claimed that, within the physiological range, such changes are 
linearly related to changes in the amount of blood flowing past the recorder. The observations are 
strictly local and do not necessarily indicate total blood flow. 

The electric current required to maintain a plus 1° C thermal equilibrium in a heater embedded 
in the liver is measured. Heat is lost from the wire partly to the circulating blood and partly by 
direct conduction through the tissues. When equilibrium is established, heat losses by conduction 
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are governed by the formula /* = F6k, where J is the current in amperes; F the standardization 
factor of the instrument, a constant for any particular recorder; 6, measured by a thermocouple, is 
the temperature increment over the ambient tissue, and & is the apparent thermal conductivity 
of the tissue. The determination of F has been fully described elsewhere (Grayson, 1952). 

In the present work J* has been determined when @=1°C and the value of & may then be 
calculated. But k varies with the hepatic circulation. The thermal conductivity of liver without 
circulation may be determined in each experiment or a mean value (11-9 x 10~*) assumed (Grayson, 
1952). The difference between the apparent value obtained in life and the true thermal con- 
ductivity has been designated the conductivity increment (8k). Comparison with direct. measure- 
ment of hepatic venous outflow in the rat and the cat has shown empirically that 3k is a linear 
function of blood flow (Grayson & Ginsburg, unpublished observations). Because of difficulty in 
converting 3k to absolute blood flow, alterations in flow occurring in the present experiments are 
given as ratios of resting flow. 

The preparation of the experimental animal. Male albino rats, taken directly from stock, were 
used. Experiments were carried out under pentobarbitone anaesthesia (2-5-3-5 mg/100 g body 
wt.) given intraperitoneally in 0-9% NaCl solution (saline) (10 mg/ml.) following induction with 
ether in a closed chamber. After an initial depression of respiration and vasomotor tone, arterial 
pressure recovered and attained a steady state. It was in this stage of anaesthesia that experi- 
ments were begun. 

Through short incisions in the neck and in the groin the left common carotid artery and the 
right femoral artery and vein were cannulated with fine polythene tubing. Heparin (Pularin, 
Evans) was administered intravenously in a dose of 500 units in 0-5 ml. saline, The right femoral 
artery was connected through wider bore polythene tubing filled with heparinized saline to a small 
glass mercury manometer. A rubber connecting piece was placed on the carotid cannula and 
clamped. The distal end was connected to the bottom of a small reservoir made from the barrel 
of a 10 ml. syringe held vertically near the head of the animal. The upper end of this reservoir 
communicated with an air pressure bottle so that, on removing the clamp, the rat bled into the 
reservoir until equilibrium was established with the pressure in the bottle. 

The abdomen was opened and a blood flow recorder inserted into the right ventral lobe of the 
liver as previously described (Grayson & Johnson, 1953). 

In some experiments qualitative differences between arterial and portal contributions to the 
liver were investigated under conditions of hypotension by first depriving the liver of its alternative 
source of blood supply by ligating the coeliac axis as near to its origin as possible. It may be 
objected that a small arterial contribution may still have found its way to the liver via collaterals, 
but this was unlikely to be significant in a relatively brief experiment. 

Elimination of the portal inflow proved a less simple procedure because ligation of the portal 
vein led rapidly to mesenteric engorgement and death. A method of partial evisceration was there- 
fore preferred (Engel, Harrison & Long, 1944). The branches of the coeliac axis were tied off 
separately and the whole gastro-intestinal tract removed together with spleen and pancreas, 
leaving the hepatic artery as the sole source of blood supply to the liver. After preliminary 
ligation of the arterial supply to the intestine much of the blood drained off through the liver to 
supplement the circulating blood volume. Unless pulsation could be observed in the hepatic 
artery as far as the porta hepatis the animal was discarded. Any bleeding from the mesenteric 
stump was controlled with artery forceps and ligatures. The procedure could be carried out in 
about 20 min and the total loss of blood into the peritoneal cavity was less than 1 ml. The arterial 
pressure at the end of the operation was seldom less than that recorded at the beginning and was 
usually over 100 mm Hg. The operation leaves an animal in surprisingly good condition, capable 
of sustaining blood loss without abnormal decline in blood pressure and, if permitted to recover 
from the anaesthetic, surviving for 24 hr or longer before finally succumbing. 

Although satisfactory as a method of eliminating the portal contribution this procedure so 
reduced the total blood flow through the liver that percentage changes in total thermal con- 
ductivity in response to relatively large changes in flow were small. 
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In certain experiments observations on the venous pressure gradient across the liver were made 
concurrently with observations on liver blood flow. The method has already been described 
(Johnson, 19534). 

The abdomen was closed and preliminary measurements made of flow under resting conditions. 
If the level of flow appeared low, the J*/@ test (Grayson & Johnson, 1953) was applied. Failure 
to obtain a linear relationship showed that the amount of tissue surrounding the recorder was 
inadequate for quantitative interpretation of changes in conductivity increment in terms of 
blood flow. 

Once the resting level of blood flow had been determined the carotid artery was opened into the 
reservoir within which the pressure had been previously set as desired. 


RESULTS 
The pattern of liver blood flow response in haemorrhage 
and severe hypotension 

In preliminary experiments the carotid artery was opened into the reservoir 
maintained at 35 mm Hg pressure. The femoral arterial pressure fell rapidly to 
35 mm and thereafter in all experiments remained steady without more than 
a 1 or 2 mm fluctuation until the reservoir pressure was changed. Bleeding into 
the reservoir was rapid at first and continued slowly up to 14 hr, the rat having 
lost up to 35% of its body weight. Spontaneous re-transfusion followed, 
blood passing back into the animal without external interference. This con- 
tinued, provided the animal did not die suddenly in respiratory failure, for up 
to 3} hr, until all the shed blood had been taken up. 

Fig. 1 shows the results of a typical experiment in which liver blood flow and 
simultaneous measurements of blood loss into the reservoir were made, the 
latter offering some index of the general vascular response of the animal to the 
hypotensive procedure. During the first 40 min progressively slower bleeding 
into the reservoir occurred followed by spontaneous re-transfusion after which 
the animal died in vascular collapse despite complete restoration of the blood 
volume. 

Liver blood flow fell immediately to 55° of the normal resting value whilst 
the rat was still bleeding rapidly. About 5 min later it recovered to 65% . This 
phase of recovery was short and was followed by a progressive diminution over 
the next 4 hr until the death of the animal. In all of the twenty-five experi- 
ments of this type there was an initial rapid reduction in flow to about half 
the resting level followed by progressive diminution. Data from fifteen of these 
experiments are given in Table 1 and a mean curve is shown in Fig. 2. There is 
good quantitative agreement between the results obtained in different experi- 
ments especially during the early part of the hypotensive period. In the re- 
maining ten experiments in this group the initial conductivity increment was 
low. The J?/@ test was applied in most of these cases and non-linear relation- 
ships obtained. The critical conditions for quantitative measurement of thermal 
conductivity were thus not fulfilled and although the results may be qualita- 
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tively significant they could not be considered quantitatively. In all these 
cases post-mortem examination revealed that the tip of the recorder transfixed 
or lay near the surface of the lobe. 


+ M.A.B.P. reduced to 35 mm Hg 


—_ 


Volume of 
in mi. 
On 


4 


120 180 240 
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Fig. 1. The effect of haemorrhage and sustained hypotension at 35 mm Hg on liver blood flow 
in the anaesthetized rat. The amount of blood loss into the reservoir and its subsequent 
spontaneous re-transfusion are shown below. 


The effect of ligation of the coeliac axis on the liver blood flow response 


in hypotension 


In eleven experiments the coeliac axis was ligated before bleeding the rat 
into the reservoir to determine whether the presence of the arterial supply was 
essential to the phenomena described above. 

The results obtained are summarized in Table 2 in which the flow during 
the hypotensive period is expressed in terms of percentage of the mean flow 
after ligation of the coeliac axis. The average reduction of resting flow level 
through the liver following coeliac ligation was 32°. Bleeding produced an 
immediate fall in flow to nearly half the new value followed by partial re- 
covery. In two experiments the coeliac axis and all accompanying nerves were 
divided between ligatures. In these experiments the fall in flow was progressive 
from its inception and partial recovery following the initial fall was not observed. 
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In two experiments the conductivity increment following ligation of the coeliac 
axis was slightly higher than that recorded before and there was no subse- 
quent diminution in flow following the initial fall at the beginning of the 


Tas_E 1. The effect of haemorrhage and hypotension at 35 mm Hg arterial pressure on local 
blood flow through the intact liver in anaesthetized rats 


Flow during hypotension (% resting flow) 


flow Lowest 10 15 30 45 60 9 120 150 180 240 300 
8kx10* immed. min min min min min min min min min min min 
11-4 68 52 — — — PED 
8-2 50 61 56 % 3) 25 
141 59 66 63 61 64 43 39 
16-3 61 64 58 Ss 42 36 22 
8-2 — 61 —- — — _ — 
15-1 56 65 65 67 63 57 55 — 47 — — — 
118 39 61 46 42 31 — 
Average flow (% resting flow) and standard deviation 
54:7 656 60-4 543 495 484 424 41:5 346 32-5 
+19 413 420 423 441 451 440 425 486 +95 

100 r 
80 
20 + 
° 30 60 90 120 150 180 


Time (min) 
Fig. 2. The effect of haemorrhage and sustained hypotension at 35 mm Hg arterial pressure on 
liver blood flow in 15 anaesthetized rats, mean and standard deviation shown. 


hypotensive period. In each case the adequacy of ligation was fully checked. 
Both these animals survived a longer hypotensive period than the other 
animals in this group, although a similar blood loss occurred. The reason for 


‘ 
* 
4 


418 D. H. JOHNSON 


these unusual findings is not clear. Apart from these exceptions, the experi- 
ments described in this section showed blood flow changes similar to those 
observed in animals with intact liver blood supply. 

TaBLE 2. The effect of haemorrhage and hypotension at 35 mm Hg arterial pressure on local 


blood flow through the liver in anaesthetized rats after ligation of the coeliac axis at its 


commencement F 
Flow during hypotension (% flow after ligation coeliac axis) 


Resting Coeliac 
flow ted Lowest 


10 15 30 45 60 90 =—s«d120 150 180 

3k x 10* x10* immed. min min min min min’ min min min min 
15-4 9-5* 62 62 67 57 48 35 
10-4 11-8 65 69 65 62 64 62 54 58 62 55 
13-1 13-6 57 69 66 61 —_ 71 68 61 63 61 
16-4 10-0 50 59 59 55 
17:3 12-7 67 75 75 66 61 — — 50 — — 
19-1 12-8 — 61 54 31 27 
12:3 10-5 — 70 29 33 
11-8 10-5 65 70 39 35 
16-4 9-1* 63 48 45 55 35 -— 
13-6 — 60 50 37 27 — 


In experiments marked * the coeliac axis and all accompanying nerves were divided. 


The effect of graded reduction in arterial pressure on liver blood flow 

In these experiments the pressure within the reservoir was at first adjusted 
to 20 mm Hg below femoral arterial pressure. The rat was allowed to bleed 
into the reservoir until stabilization of liver blood flow occurred. The pressure 
within the reservoir was then lowered a further 10 mm Hg and the effect on 
liver blood flow recorded. The procedure was repeated until finally a low level 
of arterial pressure of the order of 35 mm Hg was reached. 

The results of one of three experiments, in each of which similar results were 
obtained, are shown in Fig. 3. With each reduction in‘arterial pressure there was 
a transitory fall in flow lasting only a few minutes. As long as the mean arterial 
pressure was not reduced below a critical value, flow recovered almost to that 
level recorded before the haemorrhage. As the critical arterial pressure was 
approached the degree of recovery in flow was reduced but the new level of 
blood flow, albeit lower than initially, was maintained for the duration of 
observation. The longest period of observation followed reduction of arterial 
pressure to 80 mm Hg and was 1 hr during which there was no further change 
in liver blood flow after the initial drop and recovery. 

When the arterial pressure was lowered below the critical level, which 
appeared to be about 60 mm Hg, there was a marked reduction in flow. 
Moreover, following the partial recovery which occurred after the initial fall, 
flow diminished progressively although there was no alteration in arterial 
pressure. 

Three further experiments were performed in animals in which the coeliac 
axis had been clamped leaving the portal vein as the only major blood supply 
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to the liver. Results obtained were essentially similar to those with intact 
blood supply. 

Four experiments were performed in which the portal blood supply was 
previously eliminated by evisceration. When the arterial pressure was re- 
duced, despite technical difficulties in the accurate recording of 8k in the 


0 6 100 40 160 
Time (min) 


Fig. 3. The effect upon liver blood flow of reduction of arterial pressure in stages from 
normotensive to severely hypotensive values. 


presence of low liver blood flow, there was usually a clearly demonstrable 
transitory reduction in flow followed by partial recovery (see Fig. 4). When the 
arterial pressure was lowered below the critical value there was, following this 
partial recovery, a further progressive diminution in flow without further 
reduction in arterial pressure. 


The effect of re-transfusion of blood after a period of hypotension 

In eleven experiments all the shed blood was returned forcibly to the rat by 
raising the pressure in the reservoir as soon as the progressive diminution in 
flow at the 35 mm Hg arterial pressure had become clearly established. This 
brought about an increase in liver blood flow followed by stabilization, in most 
cases at rates substantially below those recorded at the beginning of the 
experiment. In only three experiments were femoral arterial pressure readings 
available both before and after completion of the hypotensive period and in the 
third the femoral arterial pressure was reduced (see Table 4). 

Eight similar experiments were performed after ligation of the coeliac axis 
and similar results were obtained. 

Eight experiments were performed in which the portal inflow was first 
eliminated. The length of the hypotensive period was less and only in one 
experiment was there significant difference between the initial flow and that 
recorded after re-transfusion. 
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Fig. 4. The effect upon liver blood flow following elimination of the portal blood supply, of 


reduction of arterial pressure in stages from normotensive to severely hypotensive values. 


* In three experiments the circulation was intact; in two experiments the portal supply to the 
liver had been eliminated. 


TaBLeE 3. The initial effect of haemorrhage and sustained hypotension on 


local blood flow in the liver of anaesthetized rats 


Procedure 
to reduce blood 


Simple haemorrhage pressure 
Simple haemorrhage after ligation or clamping 


of the coeliac axis 

Simple haemorr after elimination of the 
portal supply to i 

Total 

Simple haemorrhage after division of coeliac 
axis and accompanying nerves 
8 haemorrhage after administration of 

A or hexamethonium compounds 

Simple haemorrhage after administration of 

dibenamine 


Rapid fall in flow and 

ial recovery 
Observed Not observed 
29 (72%) 11 (28%) 
14 (87%) 2 (13%) 
16 (80%) 4 (20%) 
59 (78%) 17 (22%) 
0 5 
0 5 
0 5* 
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The importance of nervous pathways in the reaction to haemorrhage 

In some experiments (Table 2) the hepatic nerves and the coeliac axis were 
divided between ligatures before subjecting the animal to severe haemorrhagic 
hypotension. Although immediate reduction in blood flow, followed by pro- 
gressive diminution during the subsequent hypotensive period occurred, the 
initial rapid fall to a lower level and partial recovery were not seen. 

The results of all experiments in which arterial pressure was lowered and 
liver blood flow measured before and during haemorrhage are summarized in 
Table 3. Initial values of arterial pressure varied between 150 and 60 mm Hg. 
Blood pressure depressions varied from 10 to 100 mm Hg. A few animals 


were exposed to a second —s7 after an earlier period of hypotension and 
re-transfusion. 


TaBLE 4, The effect of a period of haemorrhagic hypotension at 35 mm Hg arterial pressure 
followed by re-transfusion of the shed blood on local blood flow through the intact liver in 
anaesthetized rats. 


Hypotensive period After re-transfusion 


Initial Flow on Stabilized 
flow Duration completion ow w 

dk x min bk x 104 5k x 10* 5k x 104 Remarks 

7-7 30 16 41 3-0 Flow stable 15 min 

6-8 80 3-2 6-5 5-4 Died suddenly 14 min later 

6-4 160 3-2 73 5-9 Flow stable 35 min 
12-7(110) 129 5-4 11-8 11-8 Flow stable 45 min 

9-5 30 6-4 9-5 9-5 Flow stable 15 min 
16-8 20 11:8 17-3 14-1 Flow stable 45 min 
15-5 146 7:3 16-8 15-0 Flow rose to 16-6 after 46 min 
11-8 (147) 95 3-6 9-1 (99) 7-7 (90) Flow 7-0 (71) 30 min later 
15-9 (105) 153 9-5 18-2 (110) 13-2 (106) Flow 15-0 (140) 15 min later 
11-8 (115) 58 5-5 11-4 (120) 9-5 (125) Flow 10-9 (110) 41 min later 


The figures in brackets are arterial pressure in mm Hg at the time of the preceding flow reading. 


In other experiments the influence of nervous pathways in this initial re- 
sponse to haemorrhage was further assessed by administration of tetraethyl- 
ammonium bromide (TEAB) or dibenamine hydrochloride before haemorrhage. 
Fig. 5 shows the results obtained in two consecutive runs in each of two 
different experiments before and after the administration of ganglionic or 
adrenaline blocking agents. In another four experiments, dibenamine hydro- 
chloride was used as the blocking agent and in a further four, tetraethyl- 
ammonium bromide. In three experiments additional to the two already 
described the hepatic nerve supply was divided. In all these experiments 
haemorrhage produced a more gradual drop in flow than in animals with nerve 
supply intact; there was no rapid fall and no partial recovery. 

These experiments suggest that the initial rapid fall and partial recovery 
in flow were nervously mediated in response to lowering of blood pressure. 
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However, it should be borne in mind before accepting this conclusion that even 
in animals with intact nerve supply lowering the blood pressure did not always 
produce detectable vasoconstrictor effects. Thus in a series of seventy-six 
experiments on animals with nerves intact, seventeen failed to show evidence 
of transient nervously mediated vasoconstriction (Table 3). The probability 
of failing to observe the effect in any one experiment was therefore 0-22. 


40 Before TEAB After TEAB 
B 
5k 
x ’ 4 Bleeding at 60mm Hg 4 Bleeding at 60 mm Hg 
: Before Dibenamine HC! After Dibenamine HCI 
B 
5 
10 
Bleedi H Bleeding at 35 H 
at 35mm He Bleeding at 35 mm Hg 
0 10 20 30 40 0 10 20 30 40 
Time (min) 


Fig. 5. The effect of haemorrhage on liver blood flow in two rats. A before, B after 
the administration of pharmacological blocking agents. 


However, in the fifteen experiments where nerve section or blocking was 
performed the effect was invariably absent. The results are highly significant, 
supporting the hypothesis that a neurogenic vasomotor response mediated 
through adrenergic fibres in the hepatic plexus takes place in the liver in re- 
sponse to lowered blood pressure. Moreover, this neurogenic effect plays a 
part in the initial response of hepatic blood flow to haemorrhage. 

The stabilized liver blood flow values at the lower arterial pressure were 
the same whether or not nervous transmission had been blocked. 

In order to determine whether the progressive diminution in flow occurring 
under conditions of continued severe hypotension was dependent on nervous 


4 
> 
« 
| 
| 


HAEMORRHAGE AND LIVER BLOOD FLOW . 423 


influences further experiments were performed, two of which are illustrated in 
Fig. 6. In Expt. A the repeated administration of tetraethylammonium bromide, 
a general ganglionic blocking agent, eliminated the immediate constrictor 
response but subsequent progressive diminution in flow was clearly established 
30 min later. In the experiment shown in Fig. 6B, dibenamine hydrochloride, 
an adrenaline blocking agent, was administered. After } hr the effectiveness 
was demonstrated by the failure of massive doses of adrenaline to raise the 
arterial pressure. This was then lowered by haemorrhage to 50 mm Hg. There 
was an immediate reduction in blood flow but progressive diminution was not 
observed. On further reducing arterial pressure to 35 mm Hg progressive 
diminution began immediately. These experiments show that progressive 
diminution in flow does not entirely depend on stimulation of adrenergic nerve- 
endings or, indeed, on activation of the autonomic system. The shed blood was 
then returned to the rat. The first step in re-transfusion brought the arterial 


Dibenamine HC! 


= 
t Bleeding at 35 mm Hg 


Repeated doses 3 mg TEAB i.v. 

o 20 40 20 8 10 120 140 
Time (min) Time (min) 


Fig. 6. The effect of prolonged haemorrhagic hypotension upon liver blood flow in two rats 
following administration of pharmacological blocking agents. 


pressure back to 50 mm Hg. Liver blood flow stabilized at values lower than 
those previously recorded at this pressure. The remainder of the shed blood 
was then returned. Arterial pressure recovered to levels above those recorded 
at the beginning of the experiment but liver blood flow settled down at values 
only a little below those recorded initially. 

In a further experiment the coeliac axis was tied and, after a preliminary 
period of observation, arterial pressure was lowered and maintained below 
60 mm Hg for an hour. The arterial pressure was returned to values of about 
80 mm Hg by re-transfusion. Repeated injections of tetraethylammonium 
bromide intravenously failed to restore liver blood flow to values previously 
recorded at this level of pressure. Over the 40 min following an intravenous 


12 
2 
0 
Mean arterial blood 
> 80 pressure, mm Hg 
> 
60 


424 D. H. JOHNSON 


injection of dibenamine hydrochloride (1 mg/100 g body wt.) there was some 
recovery but flow did not reach those values previously recorded at this level 
of arterial pressure. 


_ Intrahepatic resistance to blood flow in hypotension 

Although changes in hepatic blood flow in response to alteration of arterial 
pressure provide information as to the sum effect of changes in the splanchnic 
vascular bed, portal and hepatic pressures must be measured before any 
assessment of intrahepatic events can be made. Preliminary experiments 
showed correlation between portal pressure and arterial pressure when the 
latter was reduced by haemorrhage. In experiments in which the arterial 
pressure was lowered to 35 mm Hg, portal pressure fell to about 2/3 of its 
resting value (10-8 cm+0-3 cm (s.p.) saline (0-9%, NaCl solution)) without 
further diminution for periods of up to 1 hr. 

In some experiments simultaneous measurements of mean arterial pressure, 
portal pressure and pressure in the 1.v.c. in the vicinity of the hepatic veins, also 
of local hepatic blood flow were made during severe hypotension and following 
re-transfusion. A typical result is illustrated in Fig. 7. During the hypotensive 
period arterial pressure was maintained at 35 mm Hg. No spontaneous re- 
transfusion took place. Liver blood flow fell progressively while portal 
pressure rose slightly and this was not accompanied by significant change in 
1.v.c. pressure. Assuming the local changes in flow to be part of a total re- 
duction in liver blood flow this must indicate a progressive increase in effective 
hepatic resistance to blood flow. 

Five minutes after completing re-transfusion arterial pressure was as 
recorded initially, portal pressure was higher but liver blood flow was less than 
initially. The resistance of the hepatic vascular bed at this moment must there- 
fore be higher than that at the beginning of the experiment. 

During the following 30 min there was a small decline in arterial pressure 
and in venous pressure difference across the liver. It therefore must be con- 
cluded that the rise in blood flow occurring coincidentally was due to a pro- 
gressive reduction in hepatic resistance. During the subsequent 3 hr (interrupted 
line in the figure) arterial pressure, venous gradient and liver blood flow declined 
together. 

Ginsburg & Grayson (1954) have compared hepatic outflow and 5k under 
conditions of varying systemic arterial pressure produced by haemorrhage 
(Grayson, 1954) and found that 5k was a linear function of total hepatic out- 
flow. In the present work, therefore, it seemed justifiable to use measurements 
of 5k in the assessment of changes in hepatic resistance to portal blood flow. 
Accordingly further experiments were performed in which the arterial supply 
to the liver had first been largely eliminated by interruption of the coeliac 
axis at its commencement. An indication of alterations in hepatic resistance 
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was obtained by calculating effective resistance = porto-caval venous pressure 
difference/flow. The results obtained in five experiments are summarized in 
Fig. 8. Resistance under resting conditions has been expressed as unity. 
Changes in hepatic resistance occurring in a control experiment in which the 
arterial pressure remained above 60 mm Hg are also shown (Fig. 8A). 


Mean arterial blood pressure 


120 
~ 


0 0 0 0 © SO & 70 8 W 100 110 120 180 240 300 
Time (min) , 

Fig. 7. The effect of a period of haemorrhagic hypotension at 35 mm Hg arterial pressure 
followed by re-transfusion of the shed blood upon liver blood flow, portal pressure and I.v.c. 
pressure in the region of the ostia of the hepatic veins. Mean arterial blood pressure and the 
volume of blood in the reservoir during the hypotensive period are also shown. Note the 
change in time scale (interrupted lines) in the latter part of the experiment. 


In Expt. B a decrease in hepatic resistance occurred during the early part of 
the hypotensive period. An upward trend then appeared but measurements 
are lacking during the later part immediately before re-transfusion. On re- 
transfusion the resistance was elevated well above control values but subsided 
to normal over the ensuing 50 min. Similar results were obtained in Expt. C, a 
slight diminution followed by progressive increase throughout the hypotensive 
period. A high level was maintained for 20 min following re-transfusion before 
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it began to subside towards normal levels. In Expt. D there was a progressive 
increase almost from the beginning of the hypotensive period. 

The cause of the reduction in resistance immediately following re-transfusion 
is not clear. It is possible that it may be owing to a dilator reflex in response to 
elevation in arterial pressure (Grayson & Johnson, 1953), missed in Expt. B 
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portal pressure — I.V.c. pressure 
has been calculated as liver blood flow 


at other stages of the experiments is given by figures 


Fig. 8. Changes in local effective hepatic resistance to portal blood flow in response to a period 
of haemorrhagic hypotension at 35 mm Hg arterial pressure followed by re-transfusion of the 
shed blood and in one control experiment without hypotension. In two experiments, as 
indicated, the hepatic nerves were divided. For convenience of comparison resting hepatic 
resistance has been expressed as unity in each experiment and values obtained during the 
hypotensive period have been connected by an interrupted line. Effective hepatic resistance 


. Mean arterial blood pressure in mm Hg 
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because of its transitory nature. It was observed in Expt. E but not in Expt. F, 
in both of which it was believed that the hepatic nerve supply had been 
divided. 


Oxygen saturation of portal venous blood during hypotension 

The oxygen saturation of samples of blood from the portal vein was measured 
by the method of Roughton & Scholander (1943). It was confirmed that in the 
rat under these conditions, as described by Engel et al. (1944), the oxygen 
saturation of the portal blood fell rapidly from normal values of 60-70%. At 
50 mm Hg arterial pressure the oxygen saturation fell in 5 min to 50% and at 
35 mm Hg the degree of saturation after 5 min was under 30%. The saturation 
of blood from the hepatic vein fell further than that in the portal vein and it is 
apparent that the liver is still dependent on the portal vein for some of the 
oxygen that is utilized and that any compensatory part played by the hepatic 
artery is inadequate in maintaining a sufficient oxygen supply to the liver. 


DISCUSSION 

It has already been emphasized (Grayson & Johnson, 1953; Linzell, 1953) that 
the method of internal calorimetry records only local changes in blood flow. 
It is likely that the presence of large vessels in the immediate vicinity of the 
recorder would raise the conductivity increment above that recorded from less 
well vascularized zones and the wide range of resting conductivity increments 
observed in this, as in other series of experiments, is therefore not surprising. 
It has, however, been established that percentage change in liver flow in 
animals subjected to hypotension is quantitatively similar, at least within the 
first few minutes, whatever are the absolute values for conductivity increment. 

In the present series it was found that the method was much less satisfactory 
for measuring very small flows, such as were encountered in the hypotensive 
animal after elimination of the portal supply to the liver. Under these condi- 
tions conductivity increment represents only a small part of the total con- 
ductivity as recorded by the instrument. Even a 100% change in blood flow 
produces only a fractional alteration in total conductivity. Consequently the 
measurement of small percentage changes in flow at low initial blood flow 
levels may be subject to considerable error. Moreover, stabilization of base- 
line temperature from which temperature increment is measured takes longer 
and leads to technical difficulties of measurement. 


The constrictor reflex 
Investigation of the dilator reflex, occurring in response to an increase in 
arterial pressure (Grayson & Johnson, 1953) suggested the possibility of a 
similar constrictor response to rapid reduction in arterial pressure. Evidence 
obtained early in the present investigation clearly showed that, in fact, such 
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a phenomenon did occur (Johnson, 19536). The hepatic vasoconstrictor re- 
sponse to the lowering of the blood pressure has subsequently been investigated 
by Ginsburg & Grayson (1954) and has been clearly shown to be a response to 
reduction in arterial pressure, initiated in the baroceptor mechanism and 
mediated through adrenergic fibres in the hepatic nerves. 

No direct evidence has arisen as to the precise locus of this vasoconstriction 
in the liver. In the dog, the hepatic veins respond to local adrenaline by 
dilatation of the throttle mechanism (Bauer, Dale, Poulsson & Richards, 1932). 
The liver volume is temporarily reduced by a small haemorrhage provided 
the hepatic nerves are intact (Griffith & Emery, 1930; McMichael, 1932). 
Although it was obtained with either of the main blood supplies occluded it is 
unlikely, therefore, that the constrictor reflex acts only on outflow. 


Intrinsic regulation of liver blood flow 

Although nervous factors may be of importance in the control of liver blood 
flow during rapid changes in blood pressure it is apparent that they do not 
bring about long-standing effects as they do in the skin and bowel. Reflex 
changes in flow in this more vital organ are characteristically transient. 

The most characteristic feature of liver blood flow under normal conditions 
is its surprising constancy over a wide range of arterial pressure. It has been 
shown in the present work that this occurs despite variation in portal and 
arterial perfusion pressures. This implies alteration in the effective hepatic 
resistance to blood flow. The possibility of an intrinsic mechanism acting to- 
wards the maintenance of an optimum intrahepatic blood flow was conceived 
as a possible explanation of the constancy of liver blood flow under resting 
conditions and of the rapid return to normal during adrenaline infusions. It 
was further discussed by Ginsburg & Grayson (1954), but the present work 
affords the first direct evidence of its reality. 

Experiments in which the arterial pressure was reduced from 140 to 80 mm 
Hg produced little change in liver blood flow. Between 80 and 60 mm Hg 
flow fell off, but the new level was maintained for relatively long periods of 
observation. In the present work portal pressure has been shown to be a 
function of arterial pressure. Blood coming to the liver arrives with a varying 
driving pressure yet the volume flow through the liver remains virtually un- 
changed, a finding true even after elimination of the hepatic nerves surgically 
or by pharmacological blockade. These experiments demonstrate intrahepatic 
vasodilatation in the face of diminishing vascular vis a tergo. The result is an 
hepatic blood flow constant within narrow limits over a wide physiological 
range of arterial pressure. 

The nature of the mechanism is undetermined. It does not involve direct 
nervous influences. It would seem to be primarily intrahepatic, a phenomenon 
comparable with renal ‘autoregulation’. 
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Autoregulation of blood flow through the kidney has already been postulated 
and it has been demonstrated that, over a wide range of normal arterial 
pressure, renal blood flow is little affected (Shipley & Study, 1951; Ritter, 


1952; de Wardener & Miles, 1952). It has also been shown that denervation of 
the kidney has no effect on this mechanism. 


Liver blood flow in severe hypotension 

In the majority of the present experiments the arterial pressure was lowered 
by haemorrhage to very low values. Following transient reflex intrahepatic 
vasoconstriction liver blood flow failed to return to normotensive values. 
Subsequently, a progressive increase in hepatic resistance to blood flow occurred 
and a high level was maintained, at least for a time, following re-transfusion. 

The critical level of arterial pressure below which further reduction produced 
a significant fall in liver blood flow was found in the present experiments to be 
about 80mm Hg. It is apparent that in the face of reduction in perfusion 
pressure below critical levels, the regulating mechanism postulated within the 
liver can no longer maintain a normal blood flow. Flow was reduced. by half 
or even more at the low arterial pressures used in the present work. It has been 
shown that section of the hepatic nerves or administration of pharmacological 
blocking agents have no effect on this overall reduction in flow. It is apparent 
that nervous influences play little part in the regulation of blood flow in the 
severely hypotensive animal. 

Snmilar observations have been made in the kidney (Shipley & Study, 1951; 
Ritter, 1952; de Wardener & Miles, 1952). 

It is possible that ‘critical closing pressure’, recently described by Burton 
(1952), may be relevant to the explanation of this phenomenon. He showed 
that small vessels possess an intrinsic instability such that when the imtra- 
vascular pressure falls below a certain critical value (the ‘critical closing 
pressure’) they will close actively and completely. Of the blood flowing 
through the liver 60 %, is normally supplied at a pressure of about 10 cm saline. 
The amount of elastic tissue in the venous branches distributing this blood 
within the liver is less than that in vessels supplying other organs and it is 
consequently difficult to assess the importance of ‘critical closing pressure’ in 
relation to the present work. 

The present experiments show clearly that when the duration of the hypo- 
tensive period, below 60 mm Hg, is prolonged there is a progressive diminution 
in flow which results even without further alteration in arterial pressure and is 
not prevented by hepatic nerve section or the administration of ganglionic or 
adrenergic blocking agents. It is therefore submitted that the progressive in- 
crease in vascular resistance is not simply a local manifestation of the generalized 
vasoconstriction which occurs under neurogenic influences elsewhere in the 
body under these conditions. Moreover, clear trends in hepatic resistance are 
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not established within the first few minutes of the hypotensive period during 
which sympathetic activity elsewhere in the body has already reached a 
maximum level. 

Although these changes have been demonstrated in the present work to 
occur in a similar manner after ligation of the coeliac axis, it has not been 
possible to show clearly that such is the case after elimination of the portal 
supply. 

Evidence of increased hepatic resistance to portal flow developing during 
prolonged hypotension has previously been adduced in the dog from differential 
pressure measurements (Wiggers et al. 1946). The liver of the dog, however, 
presents certain anomalies with regard to the relatively enormous amount of 
muscle inthe hepatic vein. From an examination of thirty different species, Arey 
(1941)found anatomical evidence of a‘ throttle mechanism ’in the dog, theracoon 
and seal only. He describes this muscle as arranged longitudinally in the large 
tributaries so that on contraction it raises folds in the wall of the vein near the 
caval opening. In man the amount of muscle is small, distributed for the most 
part in rings and spirals along the hepatic and sublobular veins. The physio- 
logical importance of this muscle, contracted by histamine, relaxed by small 
doses of adrenaline (Bauer ef al. 1932) is undoubted in the dog. In other 
animals unequivocal evidence of a venous constrictor mechanism is lacking. 

Further work by Friedman, Frank & Fine (1951) led them to believe that in 
the dog constriction of the intrahepatic veins accounted in large degree for 
the increase in hepatic vascular resistance. They found that dibenamine dilated 
the constricted vessels, visualized with Thorotrast, without necessarily re- 
ducing portal pressure. They postulated that the increase in resistance might 
be due to persistent sympathetic activity. The present work demonstrates that 
in the rat, although a similar increase in hepatic resistance develops, sympa- 
thetic action cannot be the entire explanation. 

Andrews (1951) perfused the liver of the dog in situ and found that delay in 
transfusion, gross slowing of the blood flow or perfusing with anoxic blood 
resulted in a change from the normal red state to a blue congested state with 
slowing of the perfusion due to increased hepatic resistance. Although the 
liver nerve supply was left intact, its circulation was completely isolated from 
the rest of the body. It is probable, therefore, that increased hepatic resistance 
can develop in the dog as a result of changes in the perfusing blood alone. 

In experiments on the dog and rat, Zweifach, Lee, Hyman & Chambers 
(1944) and Zweifach, Lowenstein & Chambers (1944) have demonstrated com- 
pensatory reactions to hypotension in the mesenteric vascular bed which 
result in deficiency of flow at the venous end of the capillaries and venules 
which distend with sequestered blood and cause mechanical obstruction to 
flow in the smaller veins. In the liver, however, total blood flow is not reduced 
to the same extent as in the mesenteric capillaries and, having regard to the 
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different anatomical arrangement, it is unlikely that diminution in flow through 
the liver and in the mesentery is due to similar causes. 

A common feature to all experiments is a large reduction in the oxygen 
content of the portal blood perfusing the liver. The possibility that this, or the 
accompanying fall in pH of the blood may be responsible for intrahepatic 
vascular changes causing this diminution in flow is an inviting hypothesis 
which requires further investigation. 

This increased hepatic resistance tended to subside during the period following 
re-transfusion provided that fairly high levels of arterial pressure were main- 
tained. Thus changes in resistance established by 50 min of hypotension at 
35 mm Hg returned nearly to normal in the 30-40 min following re-transfusion. 
Nevertheless, despite this return to normal, a progressive decline in arterial 
pressure leading to death occurred in those animals in which the period of 
observation was adequately extended and it seems unlikely that this increased 
hepatic vascular resistance was an important step leading to generalized 
vascular failure in these experiments. 

Direct visualization of a small exposed area of the liver, using a low-power 
microscope, showed that, following re-transfusion, zones of congestion spread 
slowly from the portal areas to become confluent across the surface of the 
liver (Johnson, 1953c), Friedman, Milrod, Frank & Fine (1953) using a quartz- 
rod technique for direct microscopy demonstrated a dilatation of the sinusoids 
extending slowly towards the centrilobular veins. These observations disclose 
the possibility that the increase in hepatic resistance in hypotension may arise 
from contraction of the sinusoids themselves. The endothelial cells lining them 
are known to possess the power of independent contractility, more marked 
near the central vein, which disappears after death (Mann, 1932). 

Histological examination of the livers of these animals (Johnson, 1953c) 
failed to reveal any mechanical cause of obstruction. The parenchymal cells 
showed shrinking and a mild degree of watery vacuolation in some cases. There 
was no necrosis such as has been observed frequently in the dog although there 
was some alteration in nuclear and cytoplasmic staining and epee veer and 
progressive disappearance of the mitochondria. 


SUMMARY 


1. The effect of haemorrhage and sustained hypotension on liver blood flow, 
measured by the method of internal calorimetry, has been investigated in the 
rat. 

2. A transient reflex hepatic vasoconstriction, occurring in response to 
sudden reduction in arterial pressure, and mediated by adrenergic fibres in the 
hepatic nerves, has been described. 

3. The part played by nervous influences in the control of liver blood flow 


in hypotension has been delineated. a 
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4. It has been shown that, above a critical level of arterial pressure, liver 
blood flow is maintained at near-normal values despite the reduction in per- 
fusion pressure that results from haemorrhage. On these grounds the existence 
of an internal blood-flow regulating mechanism has been postulated in the 
liver. 

5. A progressive increase in hepatic resistance to portal blood flow has been 
demonstrated to occur in severe hypotension which is independent of nervous 
influences and which persists, at least for a time, after termination of 
hypotension. 


I wish to thank Dr J. Grayson for constant interest and advice during the course of the work 
herein described. The expenses of the investigation were defrayed by the Medical Research Council. 
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The transmitting agents of the adrenergic nerves, adrenaline and noradrenaline, 
can be inactivated by several mammalian enzyme systems, including mono- 
amine oxidase (MAO) (Blaschko, Richter & Schlossmann, 1937), the cyto- 
chrome oxidase system (Green & Richter, 1937), conjugases (Richter, 1940) 
and DOPA- or tyrosine oxidase (Neuberg, 1908). The extent to which each 
participates in the process in vivo is controversial, and probably varies ac- 
cording to the species, site, concentration of the transmitters and their origin, 
i.e. whether liberated by local adrenergic nerves or transported via the circula- 
tion. In the physiological inactivation of adrenaline and noradrenaline, both 
MAO (Burn & Robinson, 1952) and cytochrome oxidase (Green & Richter, 
1937) have been suggested as functioning at certain sites analogously to aceto- 
(true, specific, acetyl-) cholinesterase (AChE) of the cholinergic nerves. How- 
ever, there is still little evidence for either parallelism. With certain exceptions, 
AChE is confined largely to cholinergic neurones and motor end-plates, 
whereas the cytochrome system is present in practically all mammalian cells. 
In contrast, MAO is found chiefly in such regions as the liver, kidney and 
intestinal mucosa, and has not been shown to be concentrated selectively in 
adrenergic neurones or their effectors. It therefore seemed desirable to investi- 
gate the cellular localization of MAO in several appropriate tissues in order to 


secure further evidence concerning its possible role in the regulation of 
adrenergic transmission. 


Although histochemical techniques for demonstrating MAO activity have been published 
previously, none appeared to be sufficiently accurate, sensitive or specific for the present purpose. 
Oster & Schlossman (1942) incubated sections of kidney in the presence of tyramine for 24 hr, 
then immersed them in Schiff’s aldehyde reagent and obtained a blue staining not seen when the 
substrate was omitted. This method has been criticized on the basis ft atopy and 
the considerable amount of diffusion of the enzymically formed aldehyde which prior to 
the staining reaction (Gomori, 1950a). The demonstration of MAO activity in slices of liver 
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following their incubation with neotetrazolium and tyramine for 2—4 hr was reported by Francis 
(1953); controls which had been incubated previously with octyl alcohol for 3 hr remained un- 
stained. In our own laboratory, it was not possible to prevent staining by the incorporation of 
high concentrations of selective inhibitors (e.g. 0-05m-amphetamine) in the medium; moreover, 
sections were stained practically to the same degree in the absence of tyramine, Blaschko & 
Hellmann (1953) showed that the dark brown pigment which is formed when tissues containing 
MAO are incubated with tryptamine (Pugh & Quastel, 1937) can be utilized for the histochemical 
demonstration of the enzyme at certain sites. However, we found this procedure insufficiently 
sensitive for the localization of MAO activity in several cat tissues known to contain the enzyme. 


The present method was developed after several other approaches had been 
tested and abandoned; it is based on a procedure suggested by Pearse (1953). 
Fresh frozen sections are treated with hydrazine to eliminate reactive endo- 
genous carbonyl groups. They are then incubated with tryptamine and 
2-hydroxy-3-naphthoic acid hydrazide (NAH) in phosphate buffer containing 
a high concentration of Na,SO,. The aldehyde oxidation-product of the sub- 
strate is condensed with the hydrazide, and this condensation product is then 
converted to a bluish-purple pigment by coupling with tetrazotized O-dianisi- 
dine. The specificity of the method has been demonstrated by the use of a 
selective inhibitor of MAO, 1-isonicotinyl-2-isopropylhydrazine (ITH). The 
activity of the enzyme under the conditions of staining and its inhibition by 
IIH have been determined by manometric studies using mitochondrial pre- 
parations of MAO. An abstract of the method has been published previously 
(Koelle & Valk, 1954). 


METHOD 


Development of the method 

Pearse (1953) attempted to localize MAO by incubating fresh frozen sections with 0-003 m-tyramine 
and 0-005m- 2-hydroxy-3-naphthoic acid hydrazide (NAH), a carbonyl reagent introduced to 
independently by Camber (1949) and Ashbel & Seligman (1949). The aldehyde 
formed by the oxidative deamination was presumably precipated by the hydrazide and the 
product rendered visible by coupling with tetrazotized O-dianisidine (naphthanil diazo blue B), 
The author stated that staining was irregular and localization poor, but suggested the procedure 
might serve as a stepping stone to a more satisfactory method. Proceeding from this point, 

largely by trial and error, we have introduced the following modifications: 
(1) Pre-incubation of sections with 0-01 m-hydrazine, instead of hydroxylamine as suggested 
by Pearse, to react with endogenous carbonyl groups. With many tissues, controls showed this 


_ step to be unnecessary; nevertheless, it has been used routinely in an attempt to minimize the 


staining of artifacts. 

(2) Substitution of tryptamine for tyramine as substrate. This change resulted in a considerable 
increase in the intensity and sharpness of staining, in spite of the fact that tryptamine is oxidized 
at a significantly slower rate by MAO from most sources (Blaschko & Philpot, 1953). The difference 
may be due to the greater chromophoric intensity conferred by the indole ring on the final reaction 
product or to the larger molecular weight and size of tryptamine, which would tend to reduce the 
solubility and thus increase the rate of precipitation of the reaction product of the aldehyde with 
the hydrazide. 

(3) Incorporation of 20% Na,SO, into the media. This step diminished autolysis of the sections 
and markedly improved the quality of staining. 

(4) Saturation of the medium with NAH. 
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(5) Oxygenation throughout the incubation period. This resulted in a definite increase in the 
intensity of staining over that seen in tissues incubated without oxygenation. 

(6) Controls. In order to distinguish between enzymic and non-enzymic staining, controls were 
routinely run which consisted of identical sections (a) pretreated and subsequently incubated with 
the inhibitor (0-001 m-ITH) and (6) incubated in the absence of substrate. 


Procedure 
The following reagents are employed in preparing the pre-incubation and incubation solutions 
listed in Table 1: 0-2m-Na,HPO, (buffer); 40% (w/v) Na,SO,, adjusted to pH 8-6; 0-1m-hydrazine 
HCl; 0-005m-2-OH-3-naphthoic acid hydrazide (NAH) (Dajac Laboratories, Leominster, Mass.) ; 


0-1.m-1-isonicotinyl-2-isopropylhydrazine phosphate (IIH); 0-1m-tryptamine HCl (Eastman); 
n-NaOH. 
Taste 1. Pre-incubation, rinse and incubation solutions for histochemical localization of MAO 
Reagents* 
: 0-1 M- O-Lm- 
hydrazine 0-005m- 0-1 M- 
Solution H,O HCl NAH ITH Cl n-NaOH 
ml. taken 
Pre-inc. A 3-0 1-5 
Pre-inc, B 2-85 1-5 — 0-15 — — 
Ine. 1 1:35 — 3-0 10 0-15 
Ino. 2 1-20 — 3-0 0-15 1-0 0-15 
Inc. 3 2-35 — 3-0 — — 0-15 


* All combinations contain in addition 3 ml. buffer (0-2m-Na,HPO,) and 7-5 ml, 40% Na,SO,, 
adjusted to pH 8-6. Final pH of incubation solutions, 7-25. 


Fresh frozen sections are cut at 10-25, using White & Allen’s (1951) modification of the 
technique of Adamstone & Taylor (1948). Sections are transferred directly to slides, allowed to 
dry, and placed in the appropriate pre-incubation solutions for 1 hr, followed by 5 min in the 
rinse solution. The incubation solutions are brought to 37° C, filtered into Coplin jars, and 
oxygenated for 2 min immediately before adding the slides. Four slides are placed in each jar, 
one in each of the outermost slots and one in each of the adjacent slots elevated on a glass chip 
and facing outwards. Oxygen is bubbled slowly through the centre of the rubber-stoppered jars 
throughout the course of the 2 hr incubation at 37° C. The slides are then placed for 1 min each 
in water, and the developing solution (see below), rinsed in water, and kept in 10% formalin until 
they are dried in air and mounted in an aqueous medium containing 4% gelatine, 50% (v/v) 
glycerol and 1% phenol. 

The developing solution, prepared immediately before using, consists of 300 mg naphthanil 
diazo blue B (Dajac Laboratories), 10-0 ml. H,O and 5-0 ml. 0-20m-phosphate buffer (9 parts 
Na, HPO, plus 1 part KH,PO,), stirred and filtered. 

Sections of each tissue are treated with the three following combinations: 

I. (Test.) Pre-incubation solution A, incubation solution 1. 


Il. (Controla.) Pre-incubation solution B (presence of selective inhibitor), incubation solution 2 
(ditto). 
III. (Control 6.) Pre-incubation solution A, incubation solution 3 (absence of substrate). 
Any staining encountered with combination II or III is considered artifactual, and the corre- 
sponding areas stained in the test sections are discounted in examining for sites of MAO activity. 


Demonstration of the validity of the method 
The activity of MAO under the conditions of staining was compared manometrically with 
maximal activity, using initially as the source of enzyme a preparation of beef liver mitochondria 
isolated by a minor modification of the method of Hogeboom, Schneider & Pallade (1948). The 
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various components of the incubation medium were added to the main wells of the Warburg 
vessels in the same final concentrations as employed histochemically (0-027 m-Na,HPO,, 20%, 
Na,SO,, 0-001m-NAH (saturated), 0-0067m-tryptamine HCl, adjusted to pH 7-2). For the 
determination of maximal activity, the final concentrations of the vessel contents were 0-114m-phos- 
phate buffer, 0-01 m-semicarbazide and 0-0067 m-tyramine HCl or tryptamine HCI, pH 7-6. After 
equilibration with O,, the enzyme preparation was tipped in from the side-arms and O,-uptake 
was followed for 1 hr, starting 10 min after adding the enzyme. All determinations were done in 
duplicate, and figures were corrected for spontaneous oxidation of the substrate and enzyme. 
When similar comparisons were made with mitochondrial suspensions prepared from cat and 
rabbit liver by Schneider’s (1948) method, O,-uptake was followed for 10-30 min, depending upon 
the duration of maximal activity. 
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Text-fig. 1. Relative rates of oxidation of tyramine (0-114M-phosphate buffer, pH 7-6, 0-01 m-semi- 
carbazide, 0-0067 M-substrate), tryptamine (same conditions) and tryptamine in histochemical 
medium by beef, cat and rabbit hepatic mitochondria. 


In the presence of 0-001 m-NAH the rate of enzymic oxidation of tryptamine 
by beef mitochondria was reduced to 96%, of the maximal value; 20% Na,SO, 
alone produced a reduction to 74%. The combination, as in the incubation 
medium, resulted in a residual activity of 41%. Tyramine was oxidized at 
186% the rate of tryptamine under optimal conditions, hence the velocity of 
oxidation of the latter in the histochemical procedure would be approximately 
22% of the maximal rate for tyramine. Comparable figures for the MAO of 
cat and rabbit liver were found to be 12 and 16%, respectively (Text-fig. 1). 

Zeller, Barsky, Fouts, Kircheimer & Van Orden (1952) have shown that 
ITH is a selective, irreversible inhibitor of MAO, whereas isonicotinic acid 
hydrazide (INH) has very little activity in this respect. When 0-001 m-ITH 


_ was added to the vessels containing all the components of the incubation 


solution, O,-uptake of the beef liver mitochondria fell to 11-5% of the value 
in its absence. In the same concentration of INH, the uptake fell only to 91%. 
Under the same conditions, 0-001 m-IIH produced only moderate inhibition of 
the oxidation of tryptamine by cat and rabbit mitochondria. Further investi- 
gation, the details of which will be reported subsequently, showed this to be 
due to competition between the substrate and inhibitor. When the cat and 
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rabbit enzymes were incubated with 0-001m-IIH in the presence of 20% 
Na,SO, and phosphate buffer (as in the pre-incubation solutions) for 1 hr prior 
to the addition of tryptamine, the oxidation of the latter was prevented 
completely. 

To apply these observations as a test of the specificity of the histochemical 
method, a series of slides containing 25y sections of cat liver and stellate 
ganglion were treated for 1 hr with either pre-incubation solution B, containing 
0-001 m-ITH, or a similar solution containing instead 0-001mM-INH. After 
rinsing, all slides were incubated for 2 hr in incubation solution 1 and then 
developed. The sections treated with ITH were unstained, whereas INH- 
treated tissues showed characteristic enzymic staining (Text-fig. 2). 


Text-fig. 2. Demonstration of specificity of histochemical localization of MAO. Cat liver and 
stellate ganglion, 25, actual size. Upper two slides treated 1 hr with 0-001 m-INH, lower 
two with 0-001 m™-IIH (selective inhibitor of MAO), prior to 2 hr incubation in solution 1. 


RESULTS 

Before describing the detailed findings, the limitations of the staining method 
should be emphasized. The types of errors commonly encountered with 
histochemical techniques have been discussed in detail by Gomori (19505), 
Novikoff (1951) and Glick, Engstrom & Malmstrom (1951). With the present 
procedure these errors appear to be concerned chiefly with accuracy of localiza- 
tion and non-enzymic staining artifacts. 

The question of the accuracy of localization arose from the observation that 
in many tissues, particularly when sectioned at thicknesses greater than 10, 
cells which exhibited relatively intense purplish staining for MAO activity by 
the test procedure (e.g. the parietal cells of the gastric mucosa, renal tubule 
cells) were also somewhat selectively stained a light tan in controls a and b. 
However, the intensity of the latter staining was not altered significantly 
when sections of kidney were incubated by either control procedure for intervals 
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ranging from 30 to 120 min, whereas the purple staining with the test pro- 
cedure increased progressively over the same period. Therefore, staining in the 
controls was most likely due to the selective adsorption of free NAH, which 
when coupled directly with tetrazotized-O-dianisidine forms a pale tan com- 
pound. It then follows that in the test sectiqns the aldehyde oxidation product 
of tryptamine might have diffused from the actual site of the enzyme to the 
NAH concentrated locally at the surfaces where adsorbed, and there have 
reacted, with the formation of a precipitate. Alternatively, the reaction of the 
aldehyde with the NAH might have taken place at the site of enzymic oxidation 
but the product might have diffused to the adsorbing surfaces prior to precipita- 
tion. Inasmuch as neither the velocity of the reaction between the aldehyde 
and NAH nor the rate of precipitation of the condensation product is known, 
either or both of these factors could limit the accuracy of the apparent localiza- 
tion of the enzyme at the cellular level. It is most unlikely that significant 
diffusion of the enzyme itself could have occurred with the present technique 
in view of the reports of its firm attachment to the mitochondria and micro- 
somes (Cotzias & Dole, 1951; Hawkins, 1952), and the presence of 20% Na,SO, 
in the incubation media (Koelle, 1951). 

In sections of the spinal cord and in many other tissues containing thick 
trunks of medullated nerves, staining of the myelin sheaths in controls a and 6 
was practically indistinguishable in hue or intensity from that obtained in the 
test sections. This was probably due to the presence of so-called plasmals 
(Pearse, 1953, pp. 203-208) which failed to react irreversibly with hydrazine, 
or which were formed during the course of incubation, and reacted with NAH. 
This factor renders the method unsatisfactory for studies of the central nervous 
system and limits its usefulness at certain other sites. 

In the descriptions of individual tissues which follow, the intensity and 
distribution of staining of the controls is compared with that of the test 
sections in all tissues in which the former were stained significantly. Following 
a general survey of cat tissues, some representative tissues of the rabbit were 
studied. The results indicate significant species-differences in the relative 
concentrations of the enzyme at certain sites. 


Cat 

(1) Stellate ganglion (P\. 1, figs. 3, 4). All ganglion cells were stained, but 
the intensity of staining varied, possibly with the plane of sectioning and 
consequent thickness of the individual cells. The cytoplasm exhibited a homo- 
geneous purplish background with scattered clumps of pigment granules 
which differed considerably in size, density and distribution. Whether the 
granules represented mitochondria and clumps of microsomes or were merely 
artifactual cannot be stated. The nuclei were unstained, and there was no 
selective staining of the cell membranes. The pre-ganglionic nerve fibres, as 
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trunks, individual fibres, terminations and glomerular formations, exhibited 
similar background plus granular staining; post-ganglionic fibres were likewise 
stained. There appeared to be no staining of the glial cells or connective tissue. 
Staining of the swperior cervical ganglion (seven cats) was identical with that of 
the stellate ganglion (two cats). In controls a and 6, the ganglion cells were 
a light pinkish tan in 20 and colourless in 10 sections. The only artifactual 
purple staining was exhibited by the pre-ganglionic trunk and its immediate 
divisions near the pole of entry. 

(2) Nodose ganglion (PI. 1, fig. 5). All neurones were stained, the cytoplasm 
exhibiting a bluish-purple background and deposits of granules which were 
coarser than in the cells of the preceding ganglion and usually localized at one 
pole. The fibres were likewise stained, and the glial cells unstained. The dorsal 
root ganglia (three cats) presented the same picture as the nodose ganglion 
(five cats). In the controls, the myelinated fibres exhibited purplish staining 
of considerably less intensity. 

(3) Ciliary ganglion (PI. 1, fig. 6). Aside from the anatomical differences in 
the size, number and disposition of the neurones and fibres, the appearance of 
the ciliary ganglia from six cats was essentially similar to that in the stellate 
ganglion. The ganglion cells were all stained, with varying intensity, but 
individually exhibited less granularity than the cells of the stellate ganglion. 
Likewise, the controls were similar to those of the latter. 

(4) Ilewm (Pl. 2, fig. 7). The most intense staining was exhibited by the 
columnar epithelial cells of the mucosa. Moderate staining was noted in 
ganglion cells and fibres of Meissner’s and Auerbach’s plexuses, the walls of the 
arteries, and the muscularis mucosae. The circular and longitudinal layers of 
the muscularis externa were practically unstained. Stained fibres and occa- 
sional small cells scattered throughout the plexuses, innermost layers of the 
circular muscle, submucosa and villi resembled the interstitial cells of Cajal 
(Taxi, 1952), but their identity could not definitely be established. Most of 
the foregoing details cannot be seen in the photomicrograph which was taken 
at low magnification to permit the inclusion of all layers. The controls ex- 
hibited faint pink staining of the epithelial cells and nerve fibres. 

(5) Stomach (Pl. 2, fig. 8). The distribution of stained elements in general 
resembled that in the ileum, with certain distinctions. In the mucosal 
epithelium, the parietal cells were stained selectively, although the superficial 
columnar cells showed moderate intensity. Throughout the muscularis externa 
staining was faint but more definite than in the ileum. The controls exhibited 
faint pinkish-tan staining of the parietal cells and neurones of the plexuses; 
purple staining was seen only in the endothelium of an occasional tangentially 
sectioned 

(6) Laver (Pl. 2, fig. 9). Aggregated granular pigment particles were 
present in the cytoplasm of all the parenchymal cells. The intensity of 
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staining appeared to increase slightly around the central veins. Nuclei were 
unstained. 

(7) Adrenal. The medulla was unstained except for occasional heavily 
stained nerve fibres. In the cortex, staining was intense, being heaviest in the 
zona fasciculata, somewhat lighter in the zona reticularis and considerably 
lighter in the zona glomerulosa. However, the controls exhibited a similar 
distribution of bluish-purple staining although of less intensity. 

(8) Kidney 2, fig. 10). Inthe cortex, intense enzymic staining was present 
in most of the tubular cells. The number, distribution and general appearance 
of the lightly stained or unstained cells suggested their belonging to distal 
convoluted tubules, as was reported in the guinea-pig by Blaschko & Hell- 
mann (1953). The glomeruli were unstained, as were the central portions of the 
medulla. In the intermediate zone and medullary rays, the thicker cells of 
the tubules were stained and the thin cells of Henle’s loops unstained. The 
controls showed pale tan staining of the tubules. 

(9) Spleen. Most of the staining was associated with the smooth muscle 
fibres of the capsule and trabeculae, the intensities of which varied. The 
medial layers of the trabecular arteries were also stained. Throughout the 
pulp, staining was very faint and outlined no distinct structures other than 
occasional nerve fibres. The controls were essentially blank. 

(10) Awricle. Staining of the muscle fibres was extremely faint, being 
practically indistinguishable from that in the controls. Fairly intense arti- 


factual staining was noted in the endocardium in both the test and control 
sections. 


(11) Ventricle. The cardiac muscle fibres here were slightly more stained 
than in the auricle but indicated very low MAO activity. The medial layer of 
the arterioles was stained with moderate intensity, being greater in the larger 
divisions, whereas the controls showed only intimal staining. 

(12) Skeletal muscle. The muscle fibres were unstained; the arterioles 
exhibited faint staining. 

(13) Spinal cord. Here as in other regions of the central nervous system the 
intensity of overall staining in the controls rendered assessment of enzymatic 
staining unreliable. | 

(14) Nictitating membrane. Most of the MAO activity was present in the 
nerve trunks and their ramifications; a longitudinally sectioned trunk, pre- 
sumably the post-ganglionic sympathetic, showed marked activity. The in- 
tensity of staining of the blood vessels was relatively light. Artifactual staining 
was shown by the cartilage and numerous elastic fibres. 


Rabbit 
In this species there was a striking difference between the appearance of the 
superior cervical ganglion (PI. 3, fig. 11) in which nearly all the cells were very 
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heavily stained, and that of the nodose (Pl. 3, fig. 13), ciliary (PI. 3, fig. 14) 
and dorsal root ganglia, the cells of which exhibited very faint staining. This 
comparison was noted consistently in the five animals in which the superior 
cervical and nodose ganglia were stained simultaneously and in the two in 
which the other ganglia were also studied. The limited artifactual staining of 
the ganglia was identical with that in the cat. 

The nictitating membrane, in contrast to that of the cat, exhibited the 
greatest concentration of MAO activity in the walls of blood vessels; staining 
of the nerves was considerably lighter. The intensity was greatest in the arteries 
of larger calibre, but was also marked in the arterioles and veins. The same 
artifactual staining was noted as in the nictitating membrane of the cat. 

Sections of the lateral portion of the external ear showed a distribution of 
MAO activity similar to that in the nictitating membrane: the greatest con- 
centration was in the media of the large arteries, and the veins were stained 
with considerably less intensity. Staining was also seen in nerve fibres, the 
greatest number of which were just beyond the lateral border of the cartilage. 
The cartilage was stained artifactually. 


DISCUSSION 
Perhaps the most significant general impression obtained from the foregoing 
observations of cat tissues is that there appears to be no selective association 
of MAO with the adrenergic nerves of this species analogous to that of specific 
ChE with the cholinergic nerves (Koelle, 1951). MAO was found in varying 
concentrations in all types of peripheral neurones: adrenergic, afferent and 
cholinergic. With respect to adrenergically innervated effector organs there 
was considerable variation. Moderately high concentrations were found in the 
smooth muscle fibres of most arteries, of the splenic capsule and trabeculae 
and of the muscularis mucosae. On the other hand, the smooth muscle fibres 
of the muscularis externa of the ileum were virtually devoid of the enzyme, 
in contrast to the situation reported for the sheep by Blaschko (1952). The 
absence of significant MAO activity from mucosa-free homogenates of the 
cat’s ileum was confirmed by conventional manometric assays. Likewise, the 
activity in cardiac muscle appeared to be very low, as found in manometric 
determinations by Bernheim & Bernheim (1945). The presence of MAO in the 
arterial medial musculature might suggest a functional relationship to its 
adrenergic innervation. However, Thompson & Tickner (1951) reported that 
in the rabbit the highest concentrations of MAO occurred in the larger arteries 
such as the aorta, common carotid, pulmonary and renal; a similar pattern 
was noted here in the rabbit’s nictitating membrane and ear and in the coronary 
vessels of the cat, where the larger branches showed more intense enzymic 
staining than the smaller. Since it is generally considered that peripheral 
resistance is regulated chiefly through changes in the calibre of the arterioles 
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(Bazett, 1941), the relative distributions of MAO seem to follow no pattern in 
accordance with its adrenergic control. 

In contrast to the situation in the cat, the ganglion cells of adrenergic fibres 
of the rabbit exhibited considerably higher concentrations of MAO than did 
the sensory or cholinergic neurones. It is of interest to recall that in the rabbit 
most of the neurones of the superior cervical ganglion also contain moderate 
concentrations of specific ChE (Koelle, 1953). Thus, there appears to be 
a complete lack of parallelism in the distributions of both enzymes in the 
ganglia of the two species, the significance of which is not immediately 
apparent. 

It has been pointed out that the temporal and spatial limitations of cholin- 
ergic nerves are probably not required for impulses of adrenergic nerves 
(Blaschko, 1952), a suggestion which is in keeping with Cannon’s (1932) con- 
cept of the unified action of the sympatho-adrenal system. Accordingly, the 
present histochemical evidence of the lack of selective localization of MAO at 
adrenergic neuro-effector sites in the cat does not necessarily contradict the 
concept that it is an enzyme of major importance in the metabolism of adren- 
aline and noradrenaline. It might then be asked whether the present observa- 
tions provide any indication concerning the role of MAO in the destruction of 
sympathomimetic amines which have entered the circulation. The high con- 
centrations of the enzyme noted in the renal tubules and hepatic cells appear 
to be strategically located for this function. However, it should be recalled 
that both organs are rich sources of cytochrome C (Drabkin, 1950) and that 
the liver is the site of conjugases as well. Griesemer, Barsky, Dragstedt, Wells 
& Zeller (1953) recently reported that practically complete inactivation of the 
MAO of the liver and brain of cats by the administration of ITH potentiated 
markedly the response of the nictitating membrane to injected tyramine but 
failed to modify the action of adrenaline, suggesting that the latter compound 
was effectively metabolized by other enzyme systems. On the other hand, 
in the rat, studies of the effects of the same inhibitor on the fractional dis- 
tribution of metabolites isolated from urine following the injection of iso- 
topically labelled adrenaline indicated that about one-half was oxidized by 
MAO (Schayer & Smiley, 1953). The present study has emphasized the 
importance of species-differences with respect to the distribution of the enzyme. 
ITH and other potent inhibitors of MAO now available (Brown & Hey, 1952) 
should prove valuable tools in defining further its significance in the oxidation 
of the transmitters as determined by the various factors mentioned in the 
introduction. 

The localization of MAO in the mucosal epithelium of the ileum and 
stomach as well as in the aforementioned organs supports the proposal of 
Bhagvat, Blaschko & Richter (1939) that it may act as a detoxicating agent 
for amines formed in the gastro-intestinal tract. Another possible detoxicating 
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function of the enzyme in the liver and kidney is the oxidation of pressor 
amines which can be formed by anaerobic decarboxylation of amino-acids in 
the ischaemic kidney (Bing & Zucker, 1941); the amines recently isolated from 
the blood of hypertensive subjects by Davies, Olsen & Schroeder (1952) may 
follow similar metabolic pathways in their origin and destruction. Blaschko 
(1952) has discussed the likelihood that MAO participates in the metabolism of 
5-hydroxytryptamine (serotonin, enteramine) in the kidney, gastro-intestinal 
tract and other organs. | 

The fall in the MAO activity of the nictitating membrane of the cat following 
its sympathetic denervation (Burn & Robinson, 1952, 1953) can be explained 
by the high concentrations of the enzyme noted in its nerve trunks. However, 
on the basis of the equivalent concentrations noted in the ganglion cells and 
fibres of the stellate, ciliary and nodose ganglia, it might be predicted that in 
the same species a fall in MAO should also follow sensory or cholinergic 
denervation of organs containing relatively high proportions of fibres of these 
types. The present findings also provide an explanation for the report of the 
failure of both sensory and sympathetic denervation of the rabbit’s ear to 
effect any significant change in the MAO content of its arteries (Armin, Grant, 
Thompson & Tickner, 1953), since in the rabbit most of the enzyme was shown 
to be associated with the smooth muscle fibres of the vessels themselves in both 
the nictitating membrane and the ear. 

The ubiquitous distribution of MAO observed in neurones of the cat suggests 
its participation in some phase of amine metabolism which is common to all 
types of nerves. This may be concerned in part with the regulation of the 
effects of noradrenaline and adrenaline on synaptic transmission in general 
(Burn, 1945). Lorente de N6é (1949) has postulated that the conversion of 
trivalent to tetracovalent nitrogen compounds in nervous tissue may be of 
importance in the establishment of electric double layers, and hence be 
essential to the process of conduction. The concentration of the former in 
neurones might be controlled by the presence of MAO. The functions of MAO 
in nervous and other tissues may be more fully elucidated if attention is 
directed to the metabolism of various other amines in addition to the trans- 
mitters of adrenergic nerves. 


SUMMARY 

1. A histochemical method for the localization of monoamine oxidase 
(MAO) activity is presented. The procedure consists in incubating fresh frozen 
sections, pretreated with hydrazine, in an oxygenated medium containing 
2-OH-3-naphthoic acid hydrazide, tryptamine, Na,SO, and phosphate buffer, 
final pH 7-25, for 2 hr at 37° C, after which they are developed with tetrazotized 
O-dianisidine. As controls, similar sections are incubated (a) in the presence of 
0-001 M-1-tsonicotiny!-2-isopropylhydrazine (a selective inhibitor) and (b) in 
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the absence of substrate. The specificity of the method has been investigated 
and its limitations are discussed. 

2. The nerve cell bodies and fibres of the stellate, superior cervical, nodose, 
dorsal root and ciliary ganglia of the cat showed no significant difference in 
MAO activity. In the same species, the enzyme was localized in smooth muscle 
fibres of blood vessels, the spleen and the muscularis mucosae, and in nerve 
trunks in the nictitating membrane and other organs. Activity was highest in 
the renal tubule cells, hepatic cells and mucosal epithelial cells of the stomach 
and ileum. It was low or absent from the muscularis externa and from cardiac 
and skeletal muscle. 

3. In the rabbit, the MAO activity of the neurones of the superior cervical 
ganglion was considerably higher than in those of the ciliary, nodose or dorsal 
root ganglia. The nictitating membrane and external ear exhibited higher 
concentrations of the enzyme in the blood vessels than in the nerve fibres. 

4. The present findings suggest no selective association of MAO with 
adrenergic neuro-effector systems in the cat. Its possible functions with 
respect to the metabolism of adrenaline, noradrenaline and other amines are 
discussed. 

This investigation was supported by a research grant from the National Institutes of Health, 
United States Public Health Service. 1-isonicotinyl-2-i lhydrazine phosphate was kindly 


supplied by Dr Robert J. Floody, of Hoffmann- LaRoche, Inc., and isonicotinic acid hydraside by 
Dr John T. Groel, of E, R. Squibb and Sons. 

The valuable technical assistance of Mrs Shelby Brenner Cohen throughout the entire study is 
gratefully acknowledged. Silver stained preparations of the nictitating membrane and rabbit 
ear sections were prepared by Mrs Marta Keller. Photomicrographs were taken by Mr Edward 
Glifort. 


REFERENCES 
Apamstong, F, B. & Tayior, A. B, (1948). The rapid preparation of frozen tissue sections. 
Stain Tech. 23, 109-116. 


Armin, J., Grant, R. T., Taompson, R. H. 8. & Ticker, A. (1953). An explanation of the 
heightened vascular reactivity of the denervated rabbit's ear. J. Physiol, 121, 603-622. 


Asueet, R, & Setigman, A. M. (1949). A new reagent for the histochemical demonstration of 
active carbonyl groups. A new method for staining ketonic steriods. Endocrinology, 44, 
565-583. 


Bazertr, H. ©. (1941). In Macleod’s Physiology in Modern Medicine, 9th ed., p. 483. St Louis: 
C. V. Mosby Co. 

Brerynem, F. & Bernnem, M. L. C. (1945). The inactivation of tyramine by heart muscle 
in vitro. J. biol. Chem. 158, 425-431. 

Buaevat, K., BLascuxo, H. & Ricurzr, D. (1939). Amine oxidase. Biochem. J. 33, 1338-1341. 

——e Renal hypertension produced by an amino acid. J. exp. Med. 


BLasonKo, H. (1952). Amine oxidase and amine metabolism. Pharmacol. Rev. 4, 415-458. 

Biascako, H. & Hurimann, K. (1953). Pigment formation from tryptamine and 5-h 
tryptamine in tissues: a contribution to the histochemistry of amine oxidase. J. esicl. 
122, 419-427. 

BiasonKo, H. & Pumpor, F. J. (1953). Enzymic oxidation of tryptamine derivatives. J. Physiol. 
122, 403-408. 


BiascuKo, H., Ricuter, D. & Scuiossmann, H. (1937). The oxidation of adrenaline and other 
amines. Biochem. J. 31, 2187-2196. 
29 PHYSIO. CXXVI 


- 
{ 
i 
@ 
f 

a 
| 


446 G. B. KORLLE AND A. ve T. VALK 


Brown, B. G. & Huy, P. (1952). Substituted choline aryl ethers as inhibitors of amine oxidase. 
J. Physiol. 118, 15 P. 

Burn, J. H. (1945). The relation of adrenaline to acetylcholine in the nervous system. Physiol. 
Rev. 25, 377-394 

Bury, J. Sb Baeomon, J. (1952). Effect of denervation on amine oxidase in structures in- 
nervated by the sympathetic. Brit. J. Pharmacol, 7, 304-318. 


and amine oxidase. Physiol, 120, 


B. (1949). of the adrenal corte. Nature, 
Lond., 168, 

Cannon, W. B. (1932). The Wisdom of the Body. New York: Norton. 

Corzzas, G. C. & Doz, V. P. (1951). Metabolism of amines, II. Mitochondrial localisation of 
monoamine oxidase. Proc. Soc. exp. Biol., N.Y., 78, 157-160. 

tension. IV. Quantitative and qualitative studies of oo Circulation, 5, 

D, L. (1950). The distribution of the chromo emoglobin, myoglobin 
cytochrome C, in the tissues of different and Siateakty ni of the total content of 
each chromoprotein to body mass. J. biol, Chem. 182, 317-333. 

Frawors, C. M. (1953). Histochemical demonstration of amine oxidase in liver. Nature, Lond., 
171, 701. 

Guricx, D., Exestrom, A. & Matmstrom, B. G. (1951). A critical evaluation of quantitative histo- 
and cytochemical microscopic techniques. Science, 114, 253-258. 

Gomonrt, G. (19504). Pitfalls in histochemistry. Ann. N.Y. Acad, Sci. 50, 968-981. 

peor bee (19506). Sources of error in enzymatic histochemistry. J. Lab. clin. Med. 35, 802- 


Green, D. E. & Ricurur, D. (1937). Adrenaline and adrenochrome. Biochem. J. 31, 596-616. 

Gaiusemen, E. C., Bansxy, J., Dnacstent, C. A., Weis, J. A. & E. A. (1953). Poten- 
tiating effect of i on the pharmacological action of sympa amines. 
Proc. Soc. exp. Biol., N.Y., 84, 699-701. 


Hawkins, J. (1952). The localization of amine oxidase in the liver cell. Biochem. J. 50, 577- 
581. 


Hoagzsoom, G. H., Sounzrpur, W. C. E. (1948). Isolation of intact mitochondria 


from rat liver; some biochemical properties of mitochondria and submicroscopic particulate 
material. J. biol. Chem. 172, 619-635. ” 


Kogtzgz, G. B. be ge The elimination of enzymatic diffusion artifacts in the histochemical 
wees f cholinesterases and a survey of their cellular distributions. .J. Pharmacol. 
108, 153-171. 


Koztzs, G. B. (1953). Cholinesterases of the tissues and sera of rabbits. Biochem. J. 58, 217-226. 


Koz.uez, G. B. & Vaux, A. px T., Jr. (1954). Histochemical localization of monoamine oxidase. 
Fed. Proc. 18, 376. 


LoRENTE DE N6, R. (1949). On the effect of certain quaternary ammonium ions u nerve. 
Parts I and Il. J. . comp. Physiol. 38, suppl., 1-231. iets 
Nevusere, C. (1908). Enzymatische Umwandlung von Adrenalin. Biochem. Z. 8, 383-386. 


Novixorr, A. B. (1951). The validity of histochemical phosphatase methods on the intracellular 
level. Science, 118, 320-325. , 


Osrzr, K. A. & Scouiossman, N. C. (1942). Histochemical demonstration of amine oxidase in 
the kidney. J. cell. comp. Physiol. 20, 373-378. 

Prarsg, A. G. E. (1953). Histochemistry, Theoretical and Applied. Boston: Little, Brown and Co. 

Oxidation of amines by animal tissues. Biochem. J. 31, 


Ricutss, D. (1940). The inactivation of adrenaline in vivo in man. J. Physiol. 98, 361-374. 

Scuaysr, R. W. & Smiter, R. L. (1953). The metabolism of epinephrine taining isoto 
carbon. III. J. biol. Chem. 202, 425-430. nig shi 

Scunztpzr, W, C. (1948). Intracellular distribution of enzymes. III. The oxidation of octanoic 
acid by rat liver fractions. J. biol. Chem. 176, 259-266. 

Taxt, J. (1952). Cellules de Schwann et ‘cellules interstitielles de Cajal’ au niveau des 


plexus 
nerveux de la musculeuse intestinale du cobaye: retour aux definitions. Arch. Anat. 
Morph. exp. 41, 281-304. 


ry 4 7 
. 
* 
| 


THE JOURNAL OF PHYSIOLOGY, Vout. 126, No. 3 


To face p. 446 


> 
4 
} 
4 
4 
‘s 
i 
4 4 
d 
4 
2°, 
> 
6 
F 


THE JOURNAL OF PHYSIOLOGY, Vot. 126, No. 3 PLATE 2 


t 
: 
¢ 
is 
, 3 
Ns 
< 
Be’ 
‘ 
~ ‘ss 7 


3 


THE JOURNAL OF PHYSIOLOGY, Vo. 126, No. 3 


be 
A 
4 t 
q 
> 
bs 
« 
44 
4 
q 
> 
4 
) 
4 \ 
4 
7 


| 
a 
+ 
4 


LOCALIZATION OF MONOAMINE OXIDASE 447 


Taompson, R. H. 8. & Tioxwer, A. (1951). The occurrence and distribution of monoamine 
oxidase in blood vessels. J. Physiol. 115, 34—40. 


Wurrs, R. T. & Atumy, R. A. (1951). An improved clinical microtome for sectioning frozen 
tissue. Stain Tech. 26, 137-138. 

Zuuier, E, A., Bansxy, J., Fouts, J. R., W. F. & Vaw Onvew, L. 8. (1952). In- 
fluence of isonicotinic acid hydrazide (INH) and 1-isonicotiny]-2-isopropy] hydrazide (IIH) 
on bacterial and mammalian enzymes. Experientia, 8, 349. 


EXPLANATION OF PLATES 


| 
Cat ganglia. x 120. Sectioned at 10» and stained by test procedure (I) for MAO activity 
excepting where stated otherwise. 
Fig. 3. Stellate ganglion. 
Fig. 4. Stellate ganglion, control 6 (omission of substrate). 
Fig. 5. Nodose ganglion. 
Fig. 6. Ciliary ganglion. 
PLaTE 2 


Cat tissues. Sectioned at 20 and stained by test procedure (I) for MAO activity. See 
text for description of stained areas. 


Fig. 7. Tleum, x 48. Fig. 9. Liver, x 120. 
Fig. 8. Stomach (fundus), x 48. Fig. 10. Kidney cortex, x 120. 
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Rabbit ganglia. x 120. Sectioned at 10, and stained by test procedure (I) for MAO 
activity excepting where stated otherwise. 
Fig. 11. Superior cervical ganglion. 
Fig. 12. Superior cervical ganglion, control 6 (omission of substrate). 
Fig. 13. Nodose ganglion. 
Fig. 14, Ciliary ganglion. 


} 
99-2 
an 
j 
= 
J 


J. Physiol. (1954) 126, 448-458 


THE SENSATION OF PASSIVE MOVEMENT AT THE 
METATARSO-PHALANGEAL JOINT OF THE 
GREAT TOE IN MAN 


By K. BROWNE, J. LEE anp P. A. RING 


Departments of Physiology and Anatomy, Charing Cross” 
Hospital Medical School, W.C. 2 


(Received 13 May 1954) 


This work was begun as an investigation into the characteristics of passive 
movement sense at the metatarso-phalangeal joint. Since the original work of 
Goldscheider (1889), other investigators (Winter, 1912; Laidlaw & Hamilton, 
1937 a, b; Cleghorn & Darcus, 1952) have investigated joint sensation in normal 
subjects by measuring the response to a continuous movement. Their work 
established the existence of threshold speeds of movement, varying with 
different joints in different subjects, below which sensation of movement in a 
relaxed limb was either absent, or present irregularly and inconstantly. 

In the present investigation speeds were used considerably above the threshold 
values, but not so fast as to introduce complications resulting from variations 
in reaction times. The toe was displaced at a uniform angular rate and the 
subject responded as soon as the sensation of displacement was appreciated. 
The results were expressed in degrees of joint rotation, hereafter called the 
reaction angle. The experiment was carried out on eighty-four volunteer 
subjects, all medical students, in an endeavour to establish a normal range for 
sensation of passive movement. 

An initial investigation was carried out to test whether the reaction angles 
did in fact represent a true sensation and were not distributed at random. 
An analysis of variance carried out on the data left no doubt that the reaction 
angles represented a real measurement; some variability was shown within 
the scores for each foot of each subject and between the averages of the two 
feet of the same subject, but far greater variability was present between 
average scores for different individuals. Further, this initial investigation 
revealed no significant differences between reaction angles for the same subject 
at the three different speeds used (0-2, 1 and 2°/sec), although, at the slowest 
speed, judgement of the moment at which unequivocal sensation of movement 


a 
‘ 
a 
5 


‘ 
‘ 
4 
4 


THE JOURNAL OF PHYSIOLOGY, Vot. 126, No, 3 


PLATE 1 


The apparatus for measuring the reaction angle. The clamp which grips the great toe rotates 


with the drum about the axis of the metat hal 
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occurred caused considerable concern to the subjects. In the main investiga- 
tion this speed was therefore omitted. 


During the course of measuring the normal range for sensation of passive 
movement, certain facts emerged tending to support the conclusion that the 
source of the sensation measured was located in the capsule, and that muscles 
and tendons did not play a significant part. It was therefore decided, in 
addition, to investigate the effects of anaesthesia of the joint capsule upon this 
sensation. 


METHODS 


The metat hal l joint of the great toe was used in all experiments; the basis of the 
determination was that the joint was rotated by an electric motor from an arbitrary position of 
rest, the subject indicating when movement was appreciated by means of a signal. The angle 
through which the joint was rotated was graphically recorded. 

The subject to be tested was seated in a chair, his foot placed on a foot rest in such a way that the 
muscles of the leg could be relaxed. The axis of rotation of the metat hal 1 joint was set. 
in the same horizontal axis as the spindle of a balanced cylinder 12 in. in diameter. The toe was 
grasped firmly on dorsal and ventral aspects by a clamp with rubber-lined jaws so that the inter- 
phalangeal joint was fixed. All joint rotations started from the normal position of rest of the joint 
(see Plate). Throughout the experimental procedure the subjects’ eyes were closed and signals were 
given by a key actuating a pen on the paper of the cylinder. On being told to prepare for move- 
ment the subject pressed the key and a mark was made on the paper. After a varying interval 
the motor moving the toe was started by a noiseless switch. When the movement was appreciated 
by the subject, the key was released, again marking the paper. The angle of displacement was 
derived from these two marks. 

It was found that when the joint was moving the subjects began, after a varying period of time, 
to experience a feeling of uncertainty as to whether the toe was being moved and that this feeling 
gradually developed into certainty. Subjects were instructed not to register sensation until the 
period of certainty was reached. After two trial movements to accustom the subject to the 
machine three consecutive measurements were recorded for each speed (1 and 2°/sec). The average 
of these three measurements expressed in degrees was taken as the reaction angle for that 
speed. 

The motor produced a very small amount of noise and vibration which under the conditions of 
the experiment was just perceptible to a majority of the subjects. In order to eliminate unreliable 
responses due to this, a control procedure was used. This consisted of the introduction of a number 
of dummy runs at selected intervals in which the normal procedure was used except that the 
driving clutch was disengaged. The motor could thus be started but no joint rotation occurred. 
Under these conditions only two subjects gave unreliable responses at both speeds, and a further 
two failed at the slower speed (1°/sec). The former were therefore excluded from further investiga- 
tion, while the latter were only included in the averages for the faster speeds. 

In order to assess the accuracy of the measurement of joint movement as indicated on the 
cylinder record, in four cases movements were verified radiographically. It was found that for an 
angular displacement of 10° from the position of rest the indicated angular displacement was 
within 4° of that shown radiographically; from 10 to 20° the error was within +1} to -¥. 

In the experiment involving anaesthesia of the metat langeal joint the following pro- 
cedure was used: the metat halangeal joint was identified by palpation, and at four points 
around the circumference of the joint, skin weals of 1 % procaine and 1 in 50,000 adrenaline were 
raised. A needle was introduced through each area of skin anaesthesia in turn, and carried down 
to the level of the capsule. The local anaesthetic was introduced in and around the capsule; from 


8 to 12 ml. being required to encircle the joint completely. 
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With this procedure, a radio-opaque solution (Neo-Hydriol, May and Baker) was injected into 
the great toe of a freshly amputated limb. Subsequent radiographs showed that the viscous 
iodized oil was distributed in the pericapsular region. 

Injection of procaine was found to produce a variable loss of skin sensation, and therefore the 
contralateral great toe, with skin alone anaesthetized, was used as a control. Each foot was tested 
in the usual clinical fashion for sensation of toe position, and also in the machine to determine the 
effect upon the reaction angle. 

In nine subjects the whole of the capsule and pericapsular tissue was infiltrated, and in a 
further two only the dorsal aspect was anaesthetized. 


RESULTS 
Appreciation of passive movement 

The results of the initial investigation showed that there was no statistically 
significant difference between any of the measurements for the same foot at the 
same speed taken on the same occasion, and therefore in the main investiga- 
tion these three readings were averaged. Frequency distributions plotted for 
average reaction angles of each subject (each foot and each speed being taken 
separately as well as the averages of both feet and both speeds taken together) 
all gave parabolic curves with a very marked positive skew (Text-fig. 1). This 
suggested that it would be more appropriate in such distributions to use the 
' logarithm of the angle (Text-fig. 2), a finding which is to some extent in 
accordance with theoretical expectations of stimulus and sensation. 

Calculations made on the data gave average reaction angles (at the speed of 
2°/sec) of 4-5 and 4-3° for left and right feet respectively, with standard devia- 
tion of log 0-28° for each foot. No significant difference was found between the 
averages for the two speeds, 1 and 2°/sec, or between male and female subjects. 
Similarly no significant difference was found between the averages for right 
and left feet, or between the dominant and the other foot. Substantial 
differences did, however, exist between the scores of the two feet in a small 
minority of subjects. | 

Repetition of measurements. Of these original eighty-two subjects a stratified 
sample of forty-four, including subjects representing the whole range of 
reaction angles, was recalled at later dates for further measurements. The 
following procedures were adopted: 

(1) On all subjects the original measurement was repeated at the fastest 
speed (2°/sec). 

(2) On thirty of these subjects reaction angles were measured when the toe 
was moved upwards as well as downwards at the same joint, the fastest speed 
again being used. 

(3) A small number of subjects at the extreme end of the range, i.e. those 
with the largest reaction angles, were given a more detailed clinical examina- 
tion and some attempt was made to estimate their reaction angles merely by 
moving the toe by gripping it with the fingers. 


. 


Text-fig. 2. Frequency distribution of the logarithms of the reaction angles included in Text-fig. 1. 
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Reaction angle in degrees 
Text-fig. 1. Frequency distribution of reaction angles in eighty-two subjects. 
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The results of the repetition confirmed that individual scores were repro- 
ducible to within a reasonable margin. Text-fig. 3 shows that a good correlation 
exists between original scores and repeats (the average of the three scores at 
the faster speed being taken in each case), the correlation coefficients being 
0-74 and 0-66 for left and right feet respectively. Table 1 shows that the 
average reaction angle was slightly greater on repetition but the difference was 


not significant. 


30- 
= 40- 
= 
5- 
bo ee 
24 
T T T T . T 
2 3 5 10 15 30 


Reaction angle on repetition in degrees 


Text-fig. 3. Scatter diagram, showing correlation between the reaction angles originally re- 
corded and those yielded by the same subjects 4-8 weeks later. Reaction angles expressed 
as the logarithm. Forty-four subjects. Left foot; speed 2°/sec; r =0-74. 


TaB_z 1. Average reaction angles. Sample of forty-four subjects. 


Rotation speed 2°/sec 
Original measurement Repeat 
i Standard Standard 
Angle deviation Angle deviation 
Left foot 5-0° log 0-28° 6-2° log 0-29° 
Right foot 5-1° log 0-28° 6-4° log 0-29° 


Measurements of reaction angles for movements in the upward direction 
were found to be very highly correlated with downward movements of the 
same toe taken at the same time, the correlation coefficients being 0-81 and 
0-86 for left and right feet respectively (Text-fig. 4). The average reaction 
angle shown in Table 2 was slightly greater for upward than for downward 
movements but the difference was once again not significant. In view of the 
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considerable individual variability present in all the movements the high 
degree of correlation found was a somewhat unexpected but certainly 
interesting finding. 

It will be seen from the frequency distributions that there was a group in 
which passive movement was not appreciated until the joint had been moved 
through a considerable angle. Examination of individual scores shows that 
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Downward reaction angle in degrees 


Text-fig. 4. Scatter diagram, showing correlation between the reaction angles for upward and 
downward movement. Reaction angles expressed as the logarithm. Thirty subjects. Right 
foot; speed 2°/sec; r= 0-86. 


TaBLE 2. Average reaction angles. Sample of thirty subjects. 


Rotation speed 2°/sec 
Downward movement Upward movement 
Standard Standard 
Angle deviation Angle deviation 
Left foot 6-5° log 0-23° 8-2° log 0-28° 
Right foot 6-8° log 0-23° 7-9° log 0-33° 


while the average reaction angles were 4-5 and 4-3° for left and right feet 
respectively, ten subjects, i.e. approximately 12% of those examined, 
registered an average of 15° or more, five of these with both feet and the re- 
maining five with one foot. Moreover, of these ten subjects, three allowed the 
toe of each foot on at least one occasion to be moved through 20° or more 
before registering that any sensation had been felt, while a further three 
subjects allowed this to happen to one foot. 
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The repetition of measurements on a sample of the original subjects gave 
an opportunity to examine more carefully those whose original reaction angles 
were at the extreme high end of the range, and most of these were included 
among the subjects recalled. Among these subjects one (female) had no sensa- 
tion at all when either toe was moved passively upwards by hand until an 
angle of about 50° was reached; appreciation of downward movement was not 
so markedly impaired. A clinical examination of this subject showed that there 
was marked impairment in the appreciation of passive joint movement in 
most of the peripheral joints, associated with a considerable increase in the 
range of joint movement, but active joint sense was normal. No evidence of 
any other abnormality in the central nervous system could be found. Another 
subject (male) allowed the toe of each foot to be moved through a distance of 
40-50°, either up or down, before he appreciated that it had been displaced. 
In a second male this angle averaged over 20°, and in a third male downward 
movement was only appreciated when the limit of movement had almost been 
reached. The general distortion of tissues and the consequent introduction of 
other sensations when such large movements are made must be borne in mind. 

Two other subjects were found who seemed quite unable to relax and allow 
passive movement of the joint to be carried out. In both cases the attempt to 
sense the position of their toes evoked tensing of muscles. It emerged from 
these observations that subjects with very high reaction angles to passive 
movements were immediately brought within the normal range when allowed 
to tense their muscles (Browne & Lee, 1953). 


The effect of anaesthesia on the appreciation of passive movement 

Simple clinical testing showed that after joint anaesthesia eight out of nine 
subjects were no longer able to determine the position of the great toe until 
the extreme range of movement was reached, when they found that skin 
stretching on either the upper or lower aspect of the joint gave them sufficient 
information. On the control side there was no impairment of the sense of joint 
position. 

These eight subjects, when tested as described in the machine, showed a 
complete loss of appreciation of joint movement. The great toe could be passed 
through its full range of movement either upwards or downwards, the subject 
failing to detect movement even when the joint had been moved through its 
full range. Occasionally it was found that subjects could appreciate joint 
position and movement by stimuli arising from skin stretching, or from uneven 
pressures on upper and lower aspects of the foot. On being questioned at the 
conclusion of the experiment, several volunteered a statement couched in 
almost identical terms ‘instead of feeling the joint moving it felt as if the toe 
was being pulled away from me’. These subjects, who were all familiar with 
the apparatus and with the sensations which arose when the joint was moved 
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normally, agreed that sensations arising in the joint had been completely 
abolished by infiltration of the capsule. One subject who had the whole of the 
capsular region infiltrated showed only an impairment of appreciation of 
passive movement; at the extreme range of movement the sensation was 
appreciated. Failure to abolish perception of passive movement completely in 
this case might have been due to an error in injection technique. 

In two of the nine subjects the procedure of anaesthesia of the whole capsule 
was carried out in two stages. When the dorsal aspect alone was anaesthetized, 
the response to passive movement was measured and found deficient in a down- 
ward direction only. Completion of the injection abolished all sensation of 
movement. In an additional two subjects, only the dorsal aspect of the capsule 
was infiltrated. Considerable delay in the appreciation of joint movement in 
a downward direction was observed. In one subject the reaction angle in- 
creased from 2 to 16°, and in the other subjects, from 4 to 18°. Appreciation 
of upward movement was, however, unimpaired (Lee & Ring, 1954). 


DISCUSSION 

It is a matter of some interest that out of eighty-two, ten subjects (approxi- 
mately 12% ) had an average reaction angle of 15° or more, compared with the 
overall average of 44°. It has been shown that passive joint sense may 
deteriorate with age (Laidlaw & Hamilton 19375), but these subjects were all 
below the age of 25 years. Five of the subjects would probably be classified 
as having impaired joint sense on clinical examination but none of the 
‘abnormals’ had any difficulty when walking. Further, one subject (female) 
who had impairment of the sensation of passive displacement of most of the 
peripheral joints of the body was completely unaware of this defect until 
examined. 

It is noteworthy that the frequency distributions of the reaction angles show 
a skewness even when plotted on a log. scale (Text-fig. 2). Whether this skewness 
is due to the inclusion of what may be termed ‘abnormals’, or to a datum 
distribution of unexpected shape in a normal population, is a matter of inter- 
pretation. The skewness is unlikely to be due to individual variations of judge- 
ment as to when a doubtful movement becomes certain, since these should be 
distributed normally. Individual reaction times can only alter the response by 
a fraction of a degree, as the fastest speed of angular rotation was only 2°/sec. 

It is usually stated that the appreciation of passive movement is dependent 
on information derived from muscles, tendons and joints. That movement of 
the joint capsule does stimulate nerve endings has been shown in the cat 
(Gardner, 1948; Andrew & Dodt, 1953; Boyd & Roberts, 1953). McCouch, 
Deering & Ling (1951) have shown that the tonic neck reflexes are not de- 
pendent on afferents from the muscle, or cutaneous tissue, but probably 
originate from the joints. Stopford (1921) showed that in peripheral nerve 
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injuries of the upper limb in man which did not appear to involve muscles of 
the hand, there was loss of passive movement sense at the joints of the fingers. 

Goldscheider (1889) was of the opinion that, in man, the source of the 
sensation of passive movement resided in the capsule and attempted to prove 
this by using induced currents to impair sensation. His results, however, were 
not conclusive and were criticized by Winter (1912) who upheld an origin from 
muscles and tendons upon equally inconclusive evidence. The more convincing 
evidence indicating a capsular origin was obtained by Stopford (1921). His 
findings are, however, open to minor criticisms; for example, all the cases 
with impairment of passive movement had anaesthesia of the skin and 
the patients’ previous ability to appreciate passive movement was not 
known. 

That sensation from the joint area itself may be important in the 
appreciation of passive movement was suggested by two observations. First, 
in two of the subjects examined, mild unilateral hallux rigidus was found 
to be present. In both these cases the reaction angle was significantly smaller 
on the affected side. The capsule in this condition is thickened and fibrosed and 
might be expected to have an increased sensitivity to deformation. Secondly, 
one of the subjects who recorded very large reaction angles was also found to 
have large reaction angles, assessed approximately by manual movement, in 
many other joints; and at all these joints there was evidence of laxity of the 
capsules, as revealed by an abnormal range of movement. 

In the present work the injection of the capsule and pericapsular tissues with 
local anaesthetic resulted in a loss both of appreciation of passive movement 
and of position sense in the relaxed toe. This finding, together with other 
observations made during the work on measurement of reaction angles, 
indicated that this sensation is normally due to afferents arising in the capsule 
or the pericapsular tissues. Moreover, since the appreciation of downward 
movement could be grossly disturbed by anaesthesia on the upper aspect of 


~ the capsule alone, it would appear that the end-organs concerned are of the 


stretch-receptor type. 

These results are in close accord with the work of Boyd & Roberts (1953) on 
end-organs in the capsule of the knee-joint of the cat. These workers recorded 
afferent discharges of a slowly adapting nature which showed characteristic 
frequencies for particular positions of the joint and increased frequencies of 
discharge originating from sense-organs apparently of the stretch-receptor 
type. 

Measurements obtained from our subjects related to the sensation of 
passive movement. This sensation is sometimes distinguished from the sensa- 
tion of position. No evidence has emerged from this work, however, to suggest 
that these two sensations are mediated by different mechanisms since joint 
anaesthesia abolished both sensations. It may be noted that the sense-organs 
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in the joint capsule of the knee of the cat examined by Boyd & Roberts appear 
capable of providing accurate information about the relative position of the 
bones forming the joint as well as about their movements. 

The conclusions are that appreciation of passive movement at the meta- 
tarso-phalangeal joint of the great toe is dependent on receptors in the joint 
capsule region. The sensitivity of these end-organs will depend in part on the 
anatomical arrangement of the joint capsule which is subject to individual 
variation. Appreciation of passive movement might therefore vary and so 
account for the high proportion of subjects with impairment of appreciation 
of this sensation. 

It was found that impairment of appreciation of passive movement was not 
associated with any defect of appreciation of active movement; if those 
subjects with apparent impairment of appreciation of passive movement 
voluntarily produced a tonic contraction of the muscles of the lower leg the 
impairment disappeared. It would therefore appear that a distinction must 
be made between appreciation of passive movement and of position in the 
limb with muscles relaxed, and of active movement and of position in the limb 
with muscles tensed. Corresponding with these two types of sensation, two 
sensory mechanisms appear to be involved. Passive movement is appreciated 
as a result of alterations in tension of the joint capsule, whereas active move- 
ment would appear in addition to be indicated by impulses from muscles and 
tendons. The latter is capable of providing information of a remarkable degree 
of precision, while the former has been shown above to be comparatively 
insensitive for one peripheral joint at least; and since Laidlaw & Hamilton 
(19376) have indicated that thresholds of appreciation of this joint do not 
differ markedly from those of other limb joints it is possible that a similar 
insensitivity to passive movement also exists elsewhere. 

The findings indicate that passive proprioceptive sensation at the metatarso- 
phalangeal joint is subject to wide variation even in healthy subjects and is 
not a reliable method of testing for a loss of proprioceptive sense, unless a 
normal reaction angle has been recorded previously. Measurements of an 
individual’s reaction angle taken successively over a period of time might con- 
ceivably provide useful information about changes in the appreciation of 
sensation. Such changes might, however, be associated with changes in the 
joint region and not in its innervation. 


SUMMARY 

1. A method of measuring the appreciation of passive movement at the 
metatarso-phalangeal joint in man is described. 

2. It was found that whilst the average reaction angle was 4-4°, ten out of 

eighty-two subjects yielded average reaction angles of 15° or more. Apprecia- 

tion of active movement, however, was unimpaired. 
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3. Complete anaesthesia of the joint capsule resulted in a loss both of 
appreciation of joint movement and of position sense in eight out of nine 
subjects. 

4, Anaesthesia of the dorsal aspect of the capsule resulted in a loss of 
appreciation of downward movement only. 

5. It is suggested that the sensation both of passive movement and of 
position sense arises in the region of the joint capsule. The stimulus for these 
sensations is probably stretch of the capsule. 

6. A distinction is made between appreciation of passive and active move- 
ment; and the location of the peripheral receptors of each is indicated. 


We should like to thank our volunteers for their co-operation. We are also grateful to Prof. W. 
Burns and Prof. W. J. Hamilton for their interest in the work. 
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THE INFLUENCE OF VOLUME ON GASTRIC EMPTYING 


By J. N. HUNT anv I. MACDONALD 
Department of Physiology, Guy's Hospital, London, 8.E. 1 


(Received 27 May 1954) 


The emptying of the stomach must depend upon the pressure gradient between 
the stomach and the duodenum, the dimensions of the pyloric canal and the 
physical properties of the gastric contents. The pressure gradient will be in- 
fluenced by any factors that affect the expulsive effort of the stomach and/or 
the resistance of the intestine to filling. 

The expulsive effort of the stomach is basically related to the volume of the 
gastric contents, but many factors may change this effort-volume relation- 
ship. Any such factor will clearly have a dual effect upon the stomach: first, 
by changing the reactivity of that organ to any particular volume; and 
secondly, by altering from moment to moment the volume to which the 
stomach has to react as a result of the changed rate of emptying. 

The state of affairs in the duodenum and upper intestine operates to 
regulate gastric emptying in two ways: first, a combination of the volume within 
the intestine and the pressure therein, that is, the ‘receptive capacity’ of the 
intestine, directly decides the resistance to outflow from the stomach; 
secondly, changes within the intestine for example, of pressure, pH, con- 
centration of solutes or of fat are known to exert an indirect influence upon 
gastric activity. In addition, Gregory (1950) has shown that intra-gastric 
stimuli such as distension indirectly affect the ‘receptive capacity’ of the 
intestine. Thus the emptying of the stomach must be influenced by the inter- 
play between: (1) the intra-gastric volume affecting the stomach and the 
intestine; and (2) the intra-intestinal situation influencing the intestine and 
the stomach. 

From this summary of the mutual relationship between the stomach and 
the intestine it may be seen that the interpretation of any studies of gastric 
emptying demands a knowledge of the relationship between the behaviour of 
the gastro-intestinal unit and the intra-luminal volumes. The experiments 
reported in this paper were made to explore this relationship by studying the 
gastric emptying patterns in response to different volumes of test-meals. 
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While it is inherently impossible to separate completely the gastric and in- 
testinal aspects of this process of emptying, one or other may be emphasized 
experimentally. An account is given of some experiments, placing emphasis on 
the intestinal contribution by studying the reaction to a second meal given at 
a short interval after the intestine has received a known amount of a previous 
meal, 


METHODS 


The test-meal used in the greater part of this work was a 2% solution of pectin, 3-5% sucrose, 
with phenol red added as a marker. The reasoning behind this composition and the method of 
preparation and analysis of the meal have been set out elsewhere (Hunt & Spurrell, 1951). This 
pectin meal appears to stimulate mainly by distension (Macdonald & Spurrell, 1953). A recent 
study shows that the pectin, which was originally added to give viscosity to the meal, exerts no 
detectable influence on emptying or secretion (Hunt, 1954). Information concerning the influence 
of the volume of the test-meal ingested on the gastric secretory response has already been published 
(Hunt & Macdonald, 1952). 
Procedure 

The subjects were volunteer medical students without history of peptic ulceration. They came 
to the laboratory in the morning, having fasted since the previous evening and, when the stomach 
had been washed out with 250 ml. of tap water, they drank the chosen test-meal. After a measured 
interval during which salivary aspiration was maintained the gastric contents were withdrawn. 
From a knowledge of the amount of phenol red contained in the original meal and the amount of 
phenol red in the recovered gastric contents, the volume of the original meal in the gastric contents 
at the time of recovery was calculated. The procedure was repeated on subsequent days but the 
intervals between swallowing the meal and its recovery were varied. The data so obtained were 
synthesized into a serial record for each individual of the volume of meal remaining in his stomach 
during the digestive period. 


RESULTS 
Five studies were made, the relevant experimental details of which are 
summarized in Table 1. In order to describe gastric emptying numerically the 
volume of the original test-meal remaining in the stomach has been plotted on 
a logarithmic scale against time on a linear scale. The points fall closely about 


TaBLe 1. Data on the test-meals used in the experiments 


Series ......... A B Cc D E 
No. of subjects 3 7 8 9 l 
No. of withdrawals 53 65 42 58 14 
Temperature of meal (° C) 37 20 20 20 37 
Concentration of sucrose in 35 35 0 0 35, 100 

meal (g/1.) 
Volume of meals (ml.) sa: ae 330,750 750,1250 750, 750 1250 


a straight line indicating exponential emptying so that the rate of emptying of 
the meal is a constant proportion of the volume of the meal within the stomach. 
The straight lines were fitted by the method of least squares and the slopes of 
the lines were described in terms of the time required for the volume of the 
meal remaining in the stomach to fall by half, that is the ‘half-life’. By 
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extrapolating the fitted straight line it is possible to calculate the value on the 
time axis corresponding to the original volume of meal ingested, which time 
value we call the ‘starting index’. 


Series A, B, C and E 

Figs. 1-3 show the results for three subjects each given test-meals of 330, 
750 and 1250 ml. containing 3-5°%/, sucrose. It may be seen that as the volume 
of the meal was increased so the proportion of the meal emptying per minute, 
represented by the slope of the line, decreased. It may also be seen that the 
emptying of the final portion of the 1250 ml. meal was more rapid than was 
demanded by the extension of the exponential pattern. Fig. 4 which sets out 
data of series E obtained for the emptying of serial meals of 1250 ml. of water 
without pectin, and with two different concentrations of sucrose, confirms that 
with this large volume the proportion of the meal leaving the stomach per 
minute increases towards the end of the digestive period, and suggests that 
this feature is unaffected by the increase in sugar content of these meals or by 
the omission of pectin. With 750 ml. meals this final departure from an ex- 
ponential pattern was not usually seen until less than about 20 ml. of the 
original meal remained in the stomach. 

The numerical data obtained by the 160 experiments of series A-C in 
seventeen subjects are set out in Tables 2-4. In general the experiments of 
series B and C confirm in the larger groups of subjects what has been said 
about the findings in the three subjects of series A. 


Series D 

Eight medical students and J.N.H. were given pairs of successive meals of 
750 ml. The sugar was omitted from these meals to simplify the interpretations 
of the results since it was thought that 40-50 g of sucrose passing into the 
intestine might produce hyperglycaemia or reactionary hypoglycaemia. The 
first of each pair of successive meals served as the 750 ml. controls of series C. 
As a result of omitting the sucrose the 750 ml. meals left the stomach rather 
more quickly than the usual 750 ml. meals with 35 g sucrose/1. This rapid 
emptying was an advantage in that the stimulus to the intestine was large, 
but a disadvantage in that the time available for comparison between the first 
and second meal was limited to a digestive period of about 45 min. In addition, 
reproducible results are less easily obtained when the emptying is very rapid, 
presumably because small differences in swallowing, initiation of emptying, or 
recovering the meal are proportionately more sign t in determining the 
volume of the gastric contents. 

In synthesizing the data for each subject all the first meals of each pair of 
successive meals are comparable. The data obtained by the second withdrawal 


of each day are not strictly comparable with each other because the second 
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1250 
1000 


Vol. of meal remaining (ml.) 


0 20 40 60 80 100 
Time (min) 


Fig. 1. The gastric emptying patterns for pectin meals of 1250, 750 and 330 ml. Subject M.B.R.M. 
Ordinate: volume of meal remaining in the stomach (ml.), log scale. Abscissa: time, min. 


1250 
1000 


Vol. of meal remaining (mi.) 


0 20 40 60 80 
Time (min) 
Fig. 2. The gastric emptying patterns for pectin meals of 1250, 750 and 330 ml. Subject R.E.O. 
Ordinate: volume of meal remaining in the stomach (ml.), log scale. Abscissa: time, min. 
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Vol. of meal remaining (mi.) 


Time (min) 


Fig. 3. The gastric emptying patterns for pectin meals of 1250, 750 and 330 ml. Subject J.M. 
Ordinate: volume of meal remaining in the stomach (ml.), log scale. Abscissa: time, min. 
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Fig. 4. The gastric emptying patterns for water meals of 1250 ml. containing 35 g and 100 g 
sucrose/l. Subject J.N.H. Ordinate: volume of meal remaining in the stomach (ml.), log scale. 
Abscissa: time, min. ™, 100 g sucrose/l.; x , 35 g sucrose/l. 
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Age 
Subject (years) 
M.B. 
R.E.O. 
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Tasie 2. Series A, Data on the emptying of pectin meals of 330, 750 and 1250 ml. 


R.M. (M.) 265 
(M.) 22 
(M.) 22 


Volume of meal 
(ml.) 
Volume of meal Volume of meal 330 750 1250 
(ml.) (ml.) Volume of meal 
330 750 1250 380 750 1250 the 
‘ Half-life’ : ing index’ period 
Wt. (min) 0-15 min 
(b.) Ht A (ml.) 


196 60° 47 133 490 461 +04 -450 240 
154 58” 33 224 470 +58 -65 -250 183 365 555 
174 62 124 302 565 +126 £0 -148 4 217 383 


Tasie 3. Series B. Data on the emptying of pectin meals of 330 and 750 ml. 


Volume of 
meal 
(ml.) 
eal Volume of meal 
Volume of 
(ml.) (ml.) 
meal leaving 
330 750 # 330 750 ri 
‘Half-life’ ‘Starting index’ 0-15 min 
Age Wt. (min) (min) (ml.) 
(years) (Ib.) Ht. 
20 126 5’ 4” 7 68 +12 -—49 79 366 
1 110 5’ 3” 10 17 +6 +6 154 225 
21 129 5’ 2” 6 —17 121 352 
26 150 5’ 10° i) 23 -4 —30 247 560 
29 140 5’ 8” iS) 9 -2 +3 239 573 
28 143 6’ 0” i) 17 +6 +3 172 282 
34 145 5’ 9” 14 22 -4 -7 378 


Table 4. Series C. Data on the emptying of pectin meals of 750 and 1250 ml. 


EESSE 


Volume of 
meal 
(ml.) 
—— of Volume of 750 1250 
m meal Vol f 
(ml.) (ml.) 
750 1250 ‘750 1250 
‘Half-life’ ‘Startingindex’ 0-15 min 
Age Wt. (min) (min) (ml.) 
(years) (Ib.) Ht. 
39 172 5’ 10° 6 20 +14 +5 75 490 
19 130 5°10” 41 75 — 25 —43 370 490 
28 119 5’ 3” 18 17 4 —4 378 675 
22 144 5’ 9” i) 1 3=6+I1i1 +3 213 558 
29 133 5’ 6” & 34 +3 — 20 482 626 
25 144 5’ 8” 26 96 a —75 338 612 
24 143 5’ 7” ll 16 +7 +6 293 580 
34 145 5’ 9” 12 26 +3 ~9 375 590 
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| 
Subject 
S.F.E. (F.) 
H.C.c. (F.) 
B.A.M.A. (F.) 
A.P.O.8. (M.) 
R.H.F. (M.) 
(M.) 
J.N.H. (M.) 

Subject 

A.B. (M.) 
R.W.E. (M.) 
AJ.B. (F.) 

P.R.L. 
S.M. 

B.K.O. 

C.F.Y. 

J.N.H. 
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recovery on one day might be preceded by a first meal of 15 min duration 
whilst the second recovery on another day might be preceded by a first meal 
of 30 min or 45 min duration. However, the data on the amount of meal 
remaining in the stomach plotted against time fit equally well to an ex- 
ponential pattern for both the first and the second recoveries. A probable 
implication of this finding is that the varying duration of the first digestive 
period does not, in this context, disturb the exponential emptying of the 
second meal sufficiently for us to detect it. Alternatively, though the points 
for the second meal may lie on an exponential curve, there is nothing in the 


TaBxE 5. Series D. The influence of two successive meals on gastric emptying 


of 

wals 

of difference 
between half-lives 


meal 
(min), 7’, 
Vol of gastric 
“contents at 7, (ml.) 
(min), 7’, 


3 
sa 13 i 

Age t. . 5 ; 

Subject (years) (ib) Bt £ 
AB. 30 172 3 6 8 #O8 +4 #448 ig 490 
R.W.E.(M.) 19 130 510° 3 4l 10 4:3 — 25 +5 15 15 378 
AJ.B. (F.) 28 aoe. 18 7 43 -4 +7 15 18 375 
P.R.L. (M.) 22 ee a 9 3 150 +11 +15 16 575 17 570 
MW.P.(M.) 22. 164 6 0° 3 4 6 Sl +17 +10 19 560 14 6580 
S.M. (F.) 29 neon: SS 8 s 0-1 +3 +6 15 330 16 395 
B.K.0. (F.) 25 144 8 8 4 26 7 3-0 -8 +12 20 505 18 445 
C.F.Y. (M.) 24 ll 5 16 +7 17 500 17 420 
J.N.H. (M.) 34 145 58 9 3 12 7 2-0 +3 +6 15 455 15 455 


data to make it certain that the intra-gastric conditions at 30 min for the second 
meal were reached by passing through conditions which had been found to 
exist at 15 min for the second meal on an earlier day. Nevertheless, records of 
the emptying for the second meal have been synthesized from these data. It 
had been expected that the emptying of the second meal would be retarded by 
the presence of the first meal in the intestine. However, in Table 5, columns 7 
and 8 show that the second meal had a shorter ‘half-life’ than the first meal in 
six subjects out of nine. The exceptional subjects already had short ‘half- 
lives’ for the first meal so that there was little opportunity to show an increase 
in the rate of emptying of the second. 


Data on the emptying | 
of the gastric contents q 
during the initial part F 
of the digestive period : 
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DISCUSSION 

The importance of obtaining reproducible results from day to day 
Under the conditions of the experiments described in this paper the emptying 
pattern of the stomach in response to a standard test-meal is usually stable 
from day to day. When the volume of the test-meal taken is changed the main 
pattern of emptying remains exponential, but as the volume ingested becomes 
larger the percentage of the gastric contents leaving the stomach per minute 
becomes smaller, The important result of this study is to show that the gastro- 
intestinal unit is not as capricious in its motor behaviour as it has sometimes 
appeared to be. Once this point has been established it is possible to synthesize 
data obtained on successive days to build up a general account of gastric 
emptying. Further, it will be seen below that differences between subjects are 
quantitative but not qualitative so that an intensive study of a few subjects 
may provide the basis for generalization. 


The emptying pattern of the stomach 

The stomach has a basic pattern of emptying during which a constant 
fraction of the volume of the test-meal remaining in the stomach empties in 
each minute. This basic pattern does not usually begin as soon as the test-meal 
is ingested so that there is also an initial phase of emptying to consider. Nor 
does the exponential phase of emptying continue to the end of the digestive 
period. Thus it is convenient to describe the gastric emptying of the test-meal 
in three phases. 

Three phases of gastric emptying 

(1) There is an initial phase of emptying which may be either faster or 
slower than would be expected by an extrapolation towards zero time of the 
_ basic exponential pattern which follows the initial phase. From the mean of 
the results for all our subjects taking a meal of pectin solution containing 
35 g sucrose/l. it may be said that when the original volume of pectin meal 
taken is more than 750 ml. the initial rate of emptying is greater than would be 
expected from extrapolating the basic exponential pattern. When the volume 
of meal taken is less than 750 ml. the stomach takes a few minutes to reach the 
rate of emptying required by the basic exponential pattern. 

(2) Then follows the basic pattern. During this phase a constant fraction 
of the meal in the stomach empties per minute. Assuming that the secretion 
in the stomach is intimately mixed with the meal, the same fraction of the 
secretion in the stomach empties per minute. Thus the fraction of the test-meal 
emptying per minute is also the fraction of the gastric contents emptying per 
minute. The value of this fraction diminishes as the volume of meal ingested is 
made larger. This basic pattern of emptying may apparently begin almost 
immediately on taking the meal when 750 ml. of standard pectin meal is given. 
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(3) There is a final phase of emptying during which the efflux is greater than 
would be expected from an extrapolation of the preceding basic pattern. In 
four subjects when the original volume of meal was 1250 ml. this final phase 
appeared to begin when the volume of meal remaining in the stomach was 
between about 300 and 100 ml. When the original volume of meal was 750 ml. 
the final phase was not usually observed until the volume df meal remaining 
in the stomach had fallen to less than 20 ml. With the 330 ml. meal the final 
phase was not detected. 
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Original volume of meal (ml.) 


Fig. 5. The volume of meal leaving the stomach during the first 15 min of the digestive period 
plotted against the original volume of the meal. Ordinate: volume of meal leaving the 
stomach during the first 15 min of the digestive period, ml. Abscissa: original volume of test- 
meal, ml. O, M.B.R.M.; +, R.E.0.; @, J.M. | 


Emptying durvng the early part of the digestive period 

Fig. 5 shows the volume of meal which left the stomach during the first 
15 min plotted against the original volume ingested for the three subjects of 
Table 2. It may be seen that the volume which left during the period 0-15 min 
is related linearly to the volume ingested. This type of relationship is com- 
patible with the idea that the mechanism of emptying during the initial period 
may be similar throughout the whole range of original volume from 330 to 
1250 ml., that is, it is just as orderly for the large as for the small meal. This 
early emptying is possibly more under the influence of gastric factors than is 
the subsequent emptying when the volume in the stomach is smaller and that 
in the intestine larger. Thus the differences between the lines of Fig. 5 may be 
very tentatively attributed to gastric factors. 


The relation between the initial phase of emptying and the basic pattern 
The relation of the initial phase of emptying to the basic exponential pattern 
is described by the ‘starting index’. A negative index is found when the 
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initial rate of emptying is greater than would be expected by an extrapolation 
towards zero time of the basic emptying’pattern. A positive index occurs when 
the initial emptying is slower than would be expected by such an extrapolation. 
The ‘starting index’ therefore depends partly, but only partly, on the slope of 
the regression line relating log volume of meal and time, i.e. on the ‘half-life’ 
of the basic emptying pattern. Apart from this dependence there is a relation- 
ship between the ‘starting index’ and the ‘half-life’ for the gastric response to 
any pectin meal, which is shown in Fig. 6 for the three subjects of Table 2. 


—40 —30 —20 —10 0 +10 


Starting index 


Fig. 6. ‘ Half-life’ plotted against ‘starting index’ for pectin meals of original volumes of 1250 ml., 
750 ml. and 330 ml. Ordinate: ‘half-life’, min. Abscissa: ‘starting index’, min. @, J.M.; 
+, R.E.0.; O, M.B.R.M. 


As the ‘half-life’ becomes longer the ‘starting index’ moves from positive to 
negative. In physiological terms, as the fraction of the meal in the stomach 
which empties per minute during the basic emptying pattern becomes smaller, 
so the initial rate of emptying becomes relatively greater. Broadly speaking, 
one might suggest that the larger the volume that is taken into the stomach 
the more does it seem that the gastric propulsive force initially dominates the 
intestinal retarding influence. 

A linear relationship between ‘half-life’ and ‘starting index’ occurs in all 
our data. This may be seen for the main body of data in Fig. 7 based on sixty- 
two serial meals made up from 391 withdrawals of which 226 have previously 
been reported (Hunt & Spurrell, 1951; Hunt, Macdonald & Spurrell, 1951). 
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When 2=‘starting index’+75 min (to eliminate negative values of x) and 
y = ‘half-life’ (min) it was found that y=86-4 —0-910z. The standard error of 
the first constant was +1-0, and that of the second constant +0-056. From 
this equation it may be calculated that when the ‘starting index’ is zero the 
‘half-life’ will be 18-2 min. When the concentration of sucrose is raised to 
200 g/l. the relationship between ‘half-life’ and ‘starting index’ is altered 
quantitatively as may be seen from the points in the upper part of Fig. 7 
(data from Hunt et al. 1951). Amongst all the variables such as alteration of 


120+ 


Half-life (enta) 


-70 -50 -30 -20 -10 +10 +20 
Starting index 
Fig. 7. ‘Half-life’ plotted against ‘starting index’ for a variety of test-meals. Ordinate: ‘half- 
life’, min. Abscissa: ‘starting index’, min. @, 750 ml., 35 g sucrose/l.; +, 330 ml, 35 g 
sucrose/l.; ©, 1250 ml., no sucrose; O, 750 ml., no sucrose; @, 750 ml., 200 g sucrose/l.; 
©, 750 ml., no sucrose, 2nd of two successive meals. 


the volume of meal, routine of administration, etc., which are incorporated in 
the data of Fig. 7 only high concentrations of sucrose alter the relationship 
between ‘half-life’ and ‘starting index’. But as far as is known the receptors 
responding to sucrose are sited distal to the pylorus (Quigley & Phelps, 1934). 
Accepting this view it would appear that the position of the line which could 
be fitted to the points for meals containing high concentrations of sucrose in 
Fig. 7 is evidence of the vigour of the intestinal inhibition of gastric emptying. 


The emptying of the gastric contents 

If one could obtain sufficient data on gastric emptying it would be possible 
to set up and test hypotheses concerning the influence of the distending 
volumes in the stomach and in the intestine on the rate of emptying of the 
gastric contents. Data on the emptying of the meal do not by themselves 
appear at first sight to be of much value in this context since the distending 
agent is gastric contents, that is meal plus secretion. 
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It has been indicated that when the volume of the meal in the stomach is 
plotted on a logarithmic scale against time on a linear scale a straight line is 
obtained over a considerable part of the digestive period. This finding provides 
a convenient method of estimating the average volume of meal leaving the 
stomach during any minute of the exponential period of emptying. This, 
together with the average simultaneous concentration of phenol red in the 
gastric contents, obtained graphically, allows the volume of the gastric con- 
tents leaving during any minute of the period of exponential emptying to be 
calculated. 

Taste 6. Data on the emptying of the gastric contents (M.B.R.M.) 
Volume (ml.) rons Rate of 


Gastric Gastric (min) (ml./min) 
at T 


1 

2 330 150 230 13 22-0 
3 1250 450 904 40 6-3 
4 750 450 355 12 24-0 
5 750 425 390 13 22-0 
6 330 150 230 13 22-0 


Table 6 sets out data for M.B.R.M. on the emptying of the gastric contents, 
based on the values of Table 2, in such a way as to draw attention to some of 
the factors influencing gastric emptying. Comparison of lines 1 and 2, and 3 
and 4 shows that for a given volume of gastric contents the rate of efflux is 
slower in those instances where the intestine has received the larger volume of 
gastric effluent. This may be taken as evidence of the action of the entero- 
gastric reflex of Thomas, Crider & Mogan (1934). But this is not the only 
distinction between lines 1 and 2, and between lines 3 and 4, since the duration 
of the digestive periods differ. A comparison of lines 1 and 3 eliminates this 
variable. In line 3 a gastric content of 450 ml. empties slightly more slowly into 
a gut which has received 900 ml. than a gastric content of 150 ml. into an 
intestine which has received 720 ml. Thus when the initial volume is 1250 ml. 
the transfer of gastric contents is actually slower at 40 min than when the 
initial volume of meal is 750 ml. Whether this difference is the result of the 
greater initial distension of the stomach by the 1250 ml. meal, or whether itis 
the result of the difference of 180 ml. between the respective volumes of gastric 
effluent is an open question. In lines 5 and 6 the data have been chosen to give 
equal rates of efflux and equal digestive periods which are short relative to 
those of lines 1 and 3. Even under these conditions the rate of efflux does not 
appear to be simply related to the ratio of the volume of the gastric contents 
to the gastric effluent. 

The data of Table 6 are qualitatively interesting since they allow certain 
simple hypotheses to be tested but they are not ideal for setting up quantita- 
tive relationships. The data on the volume of the gastric contents are useful 
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and reliable but the data on the volume of the gastric effluent are of limited 
use. First, they are not a direct measurement since they are calculated from 
the volume of the gastric contents and the initial volume of the meal. Secondly, 
they are not the true distending volume within the intestine since they are 
augmented by intestinal secretion and diminished by absorption. Finally, 
it seems possible that the receptors which influence the gastric propulsive 
effort in response to intestinal distension are confined to the upper part of the 
small intestine (Marbaix, 1898) so that to assess the stimulus to these receptors 
knowledge of the distribution of the gastric effluent in the small intestine is a 
prerequisite. 


30 | Tt T T T + 
\ 
500. \ 
= 2} 
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Time (min) 


Fig. 8. The empyting patterns of the gastric contents after meals of original volume 330, 750 
and 12560 ml. Ordinate: rate of emptying, ml./min.. Abscissa: time after ingestion of meal, 
min. The figures at the start of each curve is the volume in ml. of the gastric contents at 
10 min. 


The patterns of gastric efflux 

The pattern of the changing rates of efflux of the gastric contents with 
varying initial volumes of meal for subject M.B.R.M. is set out in Fig. 8. It 
appears that meals of large volume in this subject ran very rapidly into the 
intestine during the initial phase of the digestive period which was accompanied 
by a rise of 20 mm Hg in his diastolic blood pressure and profuse sweating. 
The subject remarked that he normally sweated after meals. It may be noted 
that with the 1250 ml. meal, after this initial phase of emptying the rate of 
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emptying of the gastric contents falls only slowly from about 9 ml./min to 
6 ml./min. These rates of emptying are probably less than the maximum rate 
of water absorption in the intestine so that it is not justifiable to regard the 
change in the rate of emptying as resulting from a stomach containing a slowly 
declining volume emptying into an intestine containing a constant effective 
distending volume. 

It is worth noting that Salamanca (1949) found that in dogs a 250 ml. test- 
meal of tea and bread flowed out very rapidly during the first minute or two 
after ingestion. Such a meal in his dogs would correspond in relative volume 
to our 1250 ml. meals in man. 


The results of giving two meals in succession 

It has been shown by Thomas et al. (1934) that in conscious dogs the con- 
tractions of the pyloric antrum are augmented by allowing the gastric effluent 
to escape from a duodenal fistula instead of passing into the intestine. An 
extension of this finding would suggest that duodenal distension inhibits 
gastric emptying. This has in fact been demonstrated in cats (Spurrell, 1935). 
Some of the data in Table 6 can be used to support the same hypothesis. It 
was therefore surpising to find that the ‘half-life’ of the emptying process of 
the second of two meals in succession was apparently shorter than that for the 
preceding meal, a finding which confirms the results of Marbaix (1898). We had 
expected the remnants of the gastric effluent of the first meal in the gut to 
hamper the emptying of the second meal. There is no consistent evidence of 
this in the measurements of ‘half-life’ shown in Table 5 which are in general 
shorter for the second meal than the first. It is true that the ‘starting index’ is in 
general more positive for the second of the two meals but this is to be expected 
from the relationship between ‘starting index’ and ‘half-life’ shown in Fig. 7. 

It might be possible to explain the results obtained with two successive 
meals by saying that the remnants of the first meal in the intestine were re- 
sponsible for the slowness of establishing emptying of the second meal at the 
full exponential rate, shown as a more positive ‘starting index’, and that the 
shortening of the ‘half-life’ for the second meal was comparable to the in- 
creased vigour of a stretch reflex after inhibition, a type of ‘rebound pheno- 
menon’. Inspection of the last four columns of Table 5 which show the volumes 
of meal emptied at the beginning of the digestive period for the first and 
second meals does not suggest that there was any marked retention of the gastric 
contents in those subjects whose ‘half-life’ for the second meal was markedly 
shorter for the second meal than it was for the first meal, e.g. R.W.E. and 
B.K.O. It seems more likely that the retarding influence of the intestine upon 
gastric emptying is reduced after a large volume has entered the intestine. This 
would make the rapid emptying of the second meal comparable to the third 
phase of emptying seen in Figs. 1-4 with meals of 1250 ml. 
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The control of gastric emptying 

The regulation of gastric emptying is very largely under the control of factors 
which operate through the intestine. Distension of the intestine, or the pre- 
sence of fat, sugars or hyper-osmotic salt solutions within the intestine reduces 
the co-ordinated propulsive activity of the gastric antrum and duodenum. 
The resistance to filling of the intestine is increased by sham feeding, gastric 
distension or the presence of hyper- and hypo-osmotic solutions within the 
intestine (Gregory, 1950). Thus the intestine plays a dual role, as the site of 
receptors regulating gastric activity and as a variable resistance to the gastric 
effluent. Moreover, the threshold of these regulating mechanisms is low; 35 g 
sucrose/l., which gives an osmotic pressure one-third that of plasma, gives an 
appreciable slowing of gastric emptying when compared with distilled water 
during the first 15 min of the digestive period (Hunt, unpublished). Taking all 
these points together it would seem reasonable at the moment to regard the 
stomach and the small intestine as a single functional unit. 

The sensitivity of the gastro-intestinal unit to intra-luminal stimuli makes 
the exponential emptying pattern of the stomach for test-meals a very re- 
markable performance, since during this phase of emptying the composition of 
the gastric effluent often changes considerably. This consideration should 
invite a note of caution in the assessment of the significance of the exponential 
pattern. It is possible to set up a hypothesis in which the fundamental pattern 
of gastric emptying is exponential with the actual percentage of the gastric 
contents emptying per minute being determined by a variety of intra- and 
extra-gastric factors. Alternatively, it is possible to suppose that the funda- 
mental pattern of the emptying of the stomach in isolation is other than ex- 
ponential and that the pattern discovered by experiments is dictated by the 
continuous interplay of intra- and extra-gastric factors giving a pattern which 
is, under our conditions, indistinguishable from exponential. 


Conclusions 
The rate of gastric emptying of a standard test-meal is reproducible and is 
influenced by the interplay between: (1) the volume of the meal taken; (2) the 
ratio of the volume in the stomach to the volume that has flowed into the 
intestine; (3) the distension of the stomach and/or intestine which preceded 
the ingestion of the meal. 


SUMMARY 
1. Reproducible gastric emptying patterns in response to test-meals of 
330, 750 and 1250 ml. were established. 
2. The larger the original volume of the meal, the greater was the initial 
rate of emptying. 
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3. During the period of exponential emptying the larger the original volume 
of the meal the smaller was the proportion of the meal which emptied per 
minute. 

4. When two 750 ml. test-meals were given in succession, in the majority 
of subjects the secand meal emptied more rapidly than the first meal. 

5. The relevance of these findings to the regulation of the rate of emptying 
of the stomach is considered. 


We are indebted to our students who acted as subjects for their unfailing co-operation. We wish 
to thank Prof. W. R. Spurrell for his continuous encouragement and for much improvement of 
the manuscript. 

Part of the expenses of this work was defrayed under the terms of the Gillson Scholarship 
' awarded by the Worshipful Society of Apothecaries of London to J. N. Hunt. 
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The study of the innervation of dental tissues has been dominated by the use 
of histological techniques and, in comparison, little work has been devoted to 
the physiological properties of dental nerves. 

Pfaffmann (19394, 6) was the first to take electrical recordings of impulses 
in dental nerves. He studied the responses of mechanoreceptors of the 
maxillary teeth of the cat and also demonstrated responses apparently resulting 
from noxious stimulation of the dental pulp. Some recent papers show a re- 
newed interest in the use of electrical techniques in the investigation of dental 
innervation (Brookhart, Livingston & Haugen, 1953; Scott, Schroff & 
Gabel, 1953). 

The present study forms part of a general exploration of the properties of 
dental receptors, for which the rabbit mandibular incisor was chosen as the ex- 
perimental object for three main reasons, First, the rabbit incisor is an example 
of the continuously erupting tooth, which is characteristic of rodents and also 
found in species of most mammalian orders. It was thought that comparison 
of its innervation with that of the cat, an animal more closely resembling man 
in tooth form, might be instructive. Secondly, the incisor nerve of the mandible 
is readily accessible for a sufficient length. Thirdly, specific information was 
required on the innervation of the rabbit’s incisor teeth, since the continuous 
eruption process was to form the subject of a separate study. 

This paper describes investigations into the distribution of the mental and 
incisor nerves, and into the types of response recorded from dental mechano- 
receptors. Special interest was taken in the relationship between the response 
of slow-adapting receptors and the direction in which a stimulus was applied. 


METHOD 
The experiments were performed on rabbits, anaesthetized with urethane, and held in the supine 
position. A tracheal cannula was inserted to facilitate work on the mouth region. Through a mid- 
line incision, that portion of the mandible overlying the inferior dental nerve (Fig. 2a) was exposed, 
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the facial vessels and accompanying tissue being ligated, cut and retracted. After reflexion of the 
periosteum, the inferior dental nerve was exposed in its canal, overlying bone being pared away 
with a dental chisel. The nerve was cut centrally and the incisor and mental branches separated 
by running a fine knife between them from the bifurcation. Although the bifurcation varies 
slightly in position, it can be revealed if sufficient bone is removed rostrally. Fine branches running 
to the cheek teeth were separated from the mental nerve. Cotton-wool plugged into the vacant 
canal prevented troublesome bleeding. The tissues were irrigated with Locke’s solution (NaCl 
0-9%, KCl 0-042%, CaCl, 0-024%, NaHCO, 0-015%, glucose 0-1%). 

To record impulses, the nerve under experiment was laid over fine bright platinum wire elec- 
trodes. These led through a cathode follower and pre-amplifier to a cathode-ray oscilloscope and to 
a loudspeaker unit. The frequency response of the system in early experiments was constant 
between 15 and 1000 c/s; a new pre-amplifier was then introduced, altering the frequency response 
of the system to be constant between 25 and 5000 o/s. 

If preliminary recording showed the dissected nerves to be in good condition, a jaw clamp was 
applied. Steel needles were so set into the faces of the clamp that their points gripped the cheek- 
teeth region of the right mandible when the jaws of the clamp were opposed. 

Functional single-fibre or few-fibre preparations were dissected with needles, under a binocular 
microscope. A thin, black glass slip, on a rigid platform, was the background for dissection. 

In plotting the distribution of mechanoreceptors, and in exploratory stimulation of incisor 
nerve preparations, manual touch and pressure were the stimuli, applied, when necessary, through 
a convenient instrument. The five basic directions in which the incisor crown was stimulated are 
shown in Fig. 2. 

For quantitative stimulation of the incisor crown, traction was applied. To test the responses to 
forces in the same direction but of different magnitudes, weight-and-pulley systems were employed. 
For testing the responses to forces of the same magnitude but in different directions, a system 
using elastic traction was developed: Fig. 1 shows a typical assembly for these experiments. By 
cutting with a dental fissure bur, the incisor was reduced to a round peg, about 1 mm from the 
incisal edge. A freely moving wire link was placed round the peg and attached to one end of a 
length of rubber elastic. A thread, attached to the other end of the elastic, was led out through one 
of the small metal loops placed at 10° intervals round the circumference of a protractor made of 
Perspex sheet. The protractor was rigidly held with its plane at right angles to the flat labial 
aspect of the incisor and at right angles to the incisor’s long axis. A knot provided a stop, ensuring 
that, on pulling the thread, a force of constant magnitude was applied to the incisor: which 
force could be easily calibrated by extending the elastic to the stop by weights, acting over a 


When series of recordings were to be taken, the edges of the skin incision were drawn up by 
threads to form a recording bath. The bath was filled with liquid paraffin; this was usually added 
at room temperature, but in a few experiments a continual flow of paraffin at 38° C was maintained. 

Rectal temperature was kept about 38° C, fell at a mean rate of 1° C/hr when the table heaters 
were turned off, and was never allowed to vary beyond the limits 36-39° C. Temperature measure- 
ments showed that the incisor receptors could be regarded as being about 3° C below rectal 
temperature, their fibres running out through a temperature gradient to an inter-electrode 
temperature of about 28° C. 

Oscillograph records were taken on paper: in the records shown the spikes have been intensified 
with pencil. The magnitudes of spikes were compared with a calibrating voltage. Since the camera 
speed was found to be not quite constant, frequency of impulses was never determined by measure- 
ment of the interval between impulses, but was estimated from the number of impulses counted 
in } sec intervals taken from a 100 msec time mark on a second beam of the oscillograph. 

In this paper, the word ‘crown’ defines that part of the incisor protruding from the gums, and 
‘root’ denotes the rest of the tooth. 


pulley. 


MECHANORECEPTORS OF. RABBIT INCISOR 477 


: 


>A 


a 


Fig. 1. Sketch of a typical assembly for experiments on directionality. In this view the elastic 
attached to the left incisor, and the main body of the jaw clamp, are seen through the Perspex 
protractor. 


RESULTS 


Distribution of mechanoreceptors 

When pressure was applied to the incisor crown, the whole incisor nerve being 
on the electrodes, an asynchronous discharge was recorded (Fig. 3) during the 
duration of the stimulus. If the application of force was rapid the asynchronous 
response was preceded by a spike compounded of the synchronous discharge of 
many individual receptors (Ness, 1953). Similar responses were obtained from 
the mental nerve when the lower lip was stimulated mechanically, except that 
the compound spike produced by a rapidly applied stimulus was never com- 
pletely synchronous. Such responses, to careful exploratory stimulation, were 
used to determine the distribution of the mechanoreceptors of the mental and 
incisor nerves. 

Mental nerve. The distribution found in seven experiments is shown in 
Fig. 2c. No responses were produced in the mental nerve by gentle pressure 
on the incisor crowns, or on the lingual aspect of the inter-incisal papilla of 
gum. Lateral to the incisor, it was not found possible to define the extension 

31 PHYSIO, CXXVI 


Th 

7/7 

| 
xX 

| 

| 


478 A, R. NESS 


of the distribution into the mouth, owing to the discharge present when the 
lip is lifted; however, this extension is not great. The caudal boundary of the 
distribution may have been artificially limited by the undercutting of the skin 
in dissection. But the main trunks of the mental nerve were not disturbed by 
the dissection, and the constancy of this boundary in all experiments argues 
against such a limitation. ; 

Incisor nerve. Responses were recorded from the incisor nerve during the 
application of force to the ipsilateral incisor crown. There is good evidence that 
the receptors responding to forces applied to the tooth crown are located in the 
periodontal membrane: extirpation of the dental pulp does not appreciably 
diminish either the sensation of pressure from the teeth in man (Stewart, 1927) 
or the responses to pressure recorded from dental nerves in the cat (Pfaffmann, 
19394). As the rabbit incisor pulp is roughly conical with its broad base in 
continuity with the periodontal tissues of the base of the socket, extirpation of 
the pulp was not attempted, since it would be impossible to know how much 
such treatment would have damaged the main nerve bundles going to the 
periodontal tissues. The periodontal membrane may be taken to be the site of 
the rabbit incisor mechanoreceptors, however, since there is no reason to 
suppose that the rabbit differs from cat and man in this respect. 

In man the inferior dental nerve sometimes crosses the mid-line, reaching as 
far as the second incisor (Starkie & Stewart, 1931). The existence of a similar 
condition in rabbit would seriously affect the conclusions to be drawn from 
experiments involving unilateral denervation. In testing for crossed in- 
nervation in the rabbit it seemed reasonable to suppose that any periodontal 
mechanoreceptors whose fibres crossed the mid-line would have a similar 
threshold to those of the incisor on the same side as the nerve under test. 
Care was taken to ensure absence of mechanical interconnexion between the 
incisors. A gap was cut between the incisor tips when necessary, and the gums 
were kept moist, since it was found that dried gum and mucus effectively 
transmit applied forces across the mid-line. In thirteen experiments, no 
evidence was found of crossed innervation. 

Similar regard being had for threshold and absence of mechanical connexion, 
no evidence was found for innervation of gum or other tissue adjacent to the 
incisor crown, by the incisor nerve. 

Mandibular symphysis. In the forty-one rabbits studied, the mandibular 
symphysis was found to be mobile, though not to the extent found in rats and 
mice. Histological examination has shown that the opposed halves of the 
mandible are joined by a small patch of cartilage rostrally, and by fibrous 
tissue elsewhere. When pressure was applied to the mandibular angle, the gap 
between the tips of the incisors could be seen to widen; concomitantly, a small 
asynchronous discharge was recorded from the incisor nerve (Fig. 3a). When 
the application or removal of force was rapid, a marked burst of impulses 
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Fig. 2. (a) Diagram of the course of the inferior dental nerve in the rabbit mandible. The scale 
lies over the 12-15 mm lengths of nerve which are exposed for recording. The position of the 
fulerum for laterad-mediad movement is shown by an arrow (see text). (b) Diagram of the 
mandibular incisors, prepared as for elastic traction on the left incisor, the labial aspect being 
seen, as in experiment. The tip of the left incisor has been cut to a peg and the right incisor 
cut back to allow full access to the left. The five basic directions in which forces were applied 
to the incisor are shown. (c) The ventral aspect of the rabbit head, with the distribution 
region of the mechanoreceptors of the mental nerve shown stippled. The weight of the stippling 
is proportional to the magnitude of responses found. The lower lip has been withdrawn to 
expose the distribution on the incisor gums. 
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occurred at the ‘on’ or the ‘off’ of the stimulus (Fig. 3a). However, it was 
found that the continuous discharge disappeared when the incisor gums were 
swilled with Locke’s solution (Fig. 3c)—thus removing dried mucus connecting 
the incisors. But the short bursts of impulses at ‘on’ or ‘off’ persisted (Fig. 3c), 
even after the ipsilateral incisor had been ground down to below the level of 
the socket margin, that is, when all connexions between the two incisors over 
the inter-incisal septum had been severed. The persistence of these responses 
was taken to indicate that, either there are rapidly adapting mechanoreceptors 
in the symphysis supplied by the incisor nerve, or that movement at the 
symphysis produces a distortion of the periodontal mechanoreceptors sufficient — 
to excite a few impulses—the socket wall facing the symphysis is fairly thin. 
Effects of symphyseal movement on the st rateted of spontaneous discharge 
will be noted later. 


(a) (b) 


(c) (d) 


Fig. 3. Recordings from the whole left incisor nerve, parts of a continuous record. (a) Pressure, 
mediad, on the left mandibular angle. (b) Heavy incisal pressure on the left incisor. (c) Repeat 
of (a). (d) Repeat of (6). Between (b) and (c) water was swilled over the incisor gums: note 
the disappearance of the main body of the response to mandibular pressure. Note also the 
sporadic discharge of a single fibre developing after heavy pressure in (b) and continuing 
into (c). (Rabbit 91—retouched.) The durations of the stimuli are indicated by arrows beneath 
the records. 


Types of incisor mechanoreceptor 

According to the properties of their discharge, units have been claciihed as 
‘fast-adapting’, ‘slow-adapting’ and ‘spontaneously discharging’—reasons 
are given below for distinguishing between the last two. A train of impulses 
throughout mechanical stimulation of the incisor crown was the characteristic 
of slow-adapting discharge, in contrast to the one or two impulses, at the ‘on’ 
or at the ‘off’ of a stimulus, which comprised fast-adapting discharge. 
Spontaneously discharging units were found to emit, in the absence of overt 
stimulation, a continuous steady stream of impulses, whose frequency could 
be altered by appropriate manipulation of the incisor and of the mandibular 
symphysis. 

The preponderance of the slow-adapting type was obvious in the experi- 
ments, from the magnitude of the discharge produced in the incisor nerve by 
steady pressure on the incisor, and from the proportions of the three types 
dissected, as unit preparations. Spontaneous discharge was observed in only 
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eleven of the forty-one animals studied, and no more than three units were 
ever distinguished as active at one time in a nerve trunk. The occurrence of 
fast-adapting responses could only be distinguished in dissected preparations, 
since the impulses of slow-adapting discharge may be synchronized at the 
onset or fall of a stimulus. Thirty-seven slow-adapting, five fast-adapting and 
five spontaneously discharging units were dissected: there may have been 
subjective discrimination in favour of choosing those twigs, split from the 
nerve trunk, which contained one of the rarer types of discharge. 

When different types of discharge have been present in the one preparation, 
the order of the amplitudes of their fibre spikes has always been: fast-| 
adapting > slow-adapting and slow-adapting > spontaneously discharging. The 
largest spike size recorded from a fibre during the course of an experiment was 
measured : when such measurements were collected, the following distributions 
were found: 


29 slow-adapting units Mean 0-92 mV, s.p. 0-63 
5 fast-adapting units Mean 2-65 mV, s.p. 1-91 
5 spontaneously discharging units Mean 0-17 mV, s.p. 0-04. 


If the variations in recording conditions were taken as random, the use of 
Student’s ‘t’ test showed the differences between these distributions to be 
significant at the 5% level of probability. No significant effect on the distri- 
butions could be traced to the use of different pre-amplifiers during the 
experiments. 

No change in the discharge of either slow-adapting or spontaneously dis- 
charging fibres was observed when the level of urethane in the circulation was 
raised by 20%. 

The division of rabbit incisor mechanoreceptor discharge into three patterns, 
and the association of a specific spike size with each pattern, has been taken as 
evidence of the existence of three types of receptor: the properties of each of 
these will now be described in more detail. 

Slow-adapting receptors. Pfaffmann (1939a) investigated such receptors in 
the cat, and measured their responses to forces of varying magnitude applied 
in a chosen direction to the tooth crown. He also noted that one direction of 
stimulation was the most effective and that ‘from the maximal position, there 
is a decrease in stimulating efficiency until a position of about 90° on either 
side is reached where the stimulus is no longer effective for that particular 
fibre’. In all preparations of the present study, this general relationship of 
response to the direction of the stimulus has been shown to hold good. Fig. 4 
shows the responses of five slow-adapting units to pressure applied in the five 
basic directions to the incisor crown. It also illustrates the diversity of spike 
sizes which were recorded from units in the same dissection. 
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From Fig. 4 it can be seen that any estimation of the ‘directionality’ of a 
receptor should be made in three dimensions: in the present study elastic 
A42, B40, F 
Laterad 


D32 


D16 


A14 --~ 100 msec 

Fig. 4. Recordings of action potentials from a few-fibre preparation of the incisor nerve, 
showing the responses obtained on pressing the left incisor in the five basic directions. Five 
slow-adapting unite (named A-E in order of their potential magnitudes) and one fast- 
adapting unit (F) are seen. To the left of each record the direction of stimulus during the 
taking of the record is shown, together with the fibres in action during that stimulus aad the 
maximal frequency reached by a unit for that direction of stimulus. (Rabbit 83—retouched.) 


Records to be read from left to right; in the top two records, the beginning of the period of 
stimulation is not shown. 


(a) 
100 msec 


(b) | 


Fig. 5. Action potentials from three fibres of the left incisor nerve. The units are shown re- 
sponding to elastic traction of magnitude 75 g, applied to the left incisor crown in (a) direction 
180°, and (6) direction 200°. (Rabbit 89—retouched.) 


traction was applied varying in one dimension only. Fig. 5 shows action 
potentials from two sections of a record of slow-adapting receptors, the stimulus 
varying 20° in direction between the two. It will be seen that changes of 
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frequency and of duration of discharge between (a) and (b) are in the opposite 
sense for the two large fibres: the stimulus was moved away from the sensitive 
direction of the largest fibre and towards the sensitive direction of the other. 
It may also be noted that the interval between the first impulses of the two 
fibres is less in (b) than in (a); in the experiments such intervals showed a 
variation of 0-250 msec. A few impulses of a third, small, unit can be seen: 
the plane of the protractor was not suitably aligned to test its responses. 

The effects of the direction of a stimulus may be summarized in the state- 
ment that, the nearer a stimulus is to the most sensitive direction of a receptor, 
so response frequency will be greater, threshold will be less, discharge will last 
longer, and the first impulse will be initiated earlier. 

The results of five quantitative experiments on directionality have been 
plotted in Fig. 6. The mean frequency of the first 2-5 sec of discharge has been 
taken as the index of response. 

It can be seen from Fig. 6 that each slow-adapting receptor shows a ‘most 
sensitive direction’, responses falling away on either side. The curves of (a) 
and (d—fibre B) appear symmetrical about the most sensitive direction, that 
of (d—fibre A) is slightly skewed, those of (b—fibre B) and (c) are markedly 
skewed; the other curves are too incomplete for judgement. Fair agreement 
was found between determinations of the same point, except as shown in 
(e—fibres B and C); in these the initial frequencies were the same but adapta- 
tion differed. The notches in the curves of (6) might be accounted for by the 
wire links attaching the elastic to the incisor having locked incorrectly during 
traction, producing errors of direction and magnitude. 

The responses to forces of different magnitude applied in one direction was 
not tested in those preparations used in the detailed experiments on direc- 
tionality. When such responses were examined in other preparations results 
were obtained essentially similar to those of Pfaffmann (1939q) in the cat. 
In Fig. 7a responses in a single fibre have been plotted against time; a pheno- 
menon common to the experiments is shown. That is, that when the applied 
force was large enough, a steady level of discharge was reached after initial 
adaptation; whereas with smaller forces the response became irregular and 
rapidly fell to silence, as soon as frequency had reached a level, characteristic 
for the preparation, of about 10-20 impulses/sec. 

In Fig. 76 the responses of two units in another preparation have been 
plotted against the logarithm of the magnitude of the stimulus. A linear re- 
lationship in such a graph was typical of the experiments, but was often only 
well shown when the means of several readings of each point were plotted, as 
in the figure. For traction in the sensitive direction the linear relation held 
only for stimuli less than about 100 g. | 

The rates of rise of stimuli used in the experiments were estimated by sub- 
stituting, in place of the incisor, a differential transformer, wired in a circuit 
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so that minute changes in position of the transformer core could be recorded as 
changes in voltage. By this means the rising time of stimuli was estimated to 
vary between 120 and 170 msec when using weight-and-pulley systems and 
between 90 and 250 msec when using elastic traction. These times provide an 
explanation for the length of intervals found between first impulses of units 
in the same preparation in the directionality experiments; they may be 
borne in mind when considering threshold estimations given below. 


(b) 


0 10 20 20 3 100 
Time (sec) Stimulus (g—logarithmic scale) 


Fig. 7. Graphs of the responses from single slow-adapting fibres of the incisor nerve, to stimuli 
of different magnitudes, applied in the same direction to the incisor crown. (a) Graph of the 
responses of a single unit, in which the numbers of impulses in each second of a response have 
been plotted and smooth lines drawn through the points, making use of mean values. Devia- 
tion of more than 2} imp./sec is shown only in the response to 7 g. (Rabbit 38.) (6) Graph of 
the responses of two units, the mean frequencies over the first 24 sec of responses being 
plotted against the logarithm of the magnitude of the stimulus. (Rabbit 83.) 


When records were taken from the whole incisor nerve, it was found that a 
force of 1 g applied in the labiad, mediad or laterad directions to the incisor 
crown produced a faint whisper from the loudspeaker, while 2 g evoked a burst 
of impulses lasting about a second and 5 g a response lasting minutes. Values 
between 3-5 g and 10g were found for the thresholds of unit preparations 
when the force was applied in the most sensitive direction for the unit under 
test. The differences between the unit thresholds, and their difference from the 
threshold of 1-2 g found for the whole tooth, may be taken to indicate real 
variation of threshold between individual receptors, or differences of distance 
from the tooth fulcrum, or both. 

The highest frequency at which units could be made to discharge, under 
steady pressure on the incisor, was measured. In eleven preparations hard 
finger pressure in the sensitive direction was the stimulus; this pressure was 
subsequently measured with a spring balance as varying between 1000 and 
4000 g. The mean of the highest frequencies produced was 67-5 imp./sec, 
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s.D. 19-9. In twelve other preparations, the maximal frequencies in response 
to forces of 50-200 g, applied over pulleys, were available: these showed a 
distribution of 56 imp./sec, s.p. 19-2. Student's ‘t’ test showed these distribu- 
tions to be different only at the 20 % level of probability. The similarity between 
the two distributions supports the finding that response is linearly related to 
the logarithm of the magnitude of stimuli only for forces below 100 g. The 
highest frequency recorded, using either means of stimulation, was 109 imp./ 
sec; it is perhaps interesting that ‘supra-maximal’ stimulation of the same 
preparation, given by twisting a flat instrument held between the incisors, 
produced a frequency of 120 imp./sec. It would seem that the upper limits of 
frequency of preparations were imposed more by the extensibility of the 
periodontal membrane than by any inherent characteristic of the receptors. 

It was characteristic of slow-adapting receptors that all those examined 
discharged for more than 5 sec, if the stimulus was sufficient. The longest time 
for which a unit was followed was 10 min, at which time the response to 20 g 
applied in a sensitive direction had ceased after becoming sporadic; increased 
loading then produced a renewal of the discharge. In records from the whole 
nerve, the discharge of some fibres was still vigorous after 4 hr, with a stimulus 
of 50 g. | 

Normally, the response of slow-adapting receptors ceased with the stimulus. 
However, after heavy or prolonged pressure on the incisor crown, a discharge 
from a few fibres was sometimes recorded from the whole nerve. Such ‘after- 
discharge’ was always sporadic (Fig. 3) in contrast to the steady frequency of 
spontaneous discharge. 

In seven experiments, an attempt was made to locate the approximate 
position in the periodontal membrane of a receptor whose responses had been 
studied. A watch-spring, its leading edge sharpened, was pushed down the 
socket, in the hope of destroying the receptor. In practice, the only aspect of 
the socket whose curvature and bone thickness allowed such an operation was 
the labial. In no case was the response of a mechanoreceptor silenced, even 
though subsequent dissection showed the spring to have been pushed down to 
the base of the incisor. 

Spontaneous discharge. In the eleven animals from which spontaneous dis- 
charge was recorded no evidence could be found that constant stress was being 
applied to the ipsilateral incisor, or to the mandibular symphysis, by any part 
of the experimental arrangement. The frequency of discharge was steady, but 
might vary over long periods, during the course of an experiment. For example 
one unit, when set up after dissection, was firing at a mean frequency of 
31-2 imp./sec, 8.D. 0-91: 2 hr later the mean frequency had fallen to 21-4 imp./ 
sec, 8.D. 0-82. It was possible to measure the frequencies of eight spontaneously 
discharging units: their distribution had a mean value of 24-5 imp./sec, s.D. 6-5. 
The frequency of discharge could be controlled by pressure on the ipsilateral 
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incisor and on the mandibular angle. It is thus certain that the continuous 
discharge came from specific receptors and was not an injury discharge. 
Further, if pressure in one direction increased the frequency, pressure in the 
opposite direction decreased the frequency (Fig. 8). These spontaneously 
discharging receptors may thus be considered to exhibit directionality; how- 
ever, there were two exceptions: in both of these pressure in any direction on 
the incisor crown produced an increase in frequency followed by a period of 
silence on removal of the stimulus. 


(a) 


(b) 


Fig. 8. Action potentials from a spontaneously discharging fibre in a dissected preparation of the 
incisor nerve. The opposite effects of pressure on the incisor crown (a) mediad, and (6) laterad, 
are seen. (Rabbit 18—retouched.) The durations of the stimuli are indicated by arrows beneath 
the records. The two sections were cut from a continuous record, a piece representing 3 sec 
of undisturbed spontaneous firing intervening between (a) and (b) in the original. 


The effects of pressure on the mandibular angle were, in some experiments, 
transitory, the discharge returning to its initial frequency even while the 
stimulus was maintained. In one experiment, the discharge could be tem- 
porarily silenced by light pressure on the inter-incisal papilla from a blunt 
needle. 

The maximal frequencies attained by three units, in response to heavy 
finger pressure on the incisor in an appropriate direction, were 56, 34 and 
34 imp./sec. These maximal frequencies are not significantly different (as 
analysed by Student’s ‘t’ test) from those recorded from slow-adapting 
receptors. 

Fast-adapting receptors. In five dissected preparations, a response was 
obtained to mechanical stimulation of the incisor crown, consisting of 1 or 2 
large spikes at the ‘on’ or at the ‘off’ of the stimulus (Fig. 4). Such fast- 
adapting responses remained constant over long periods. This distinguished 
them from the ‘rapidly adapting’ responses of moribund slow-adapting units 
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—in some dissections in this work, preparations were obtained whose response 
consisted of a short train of impulses whatever the magnitude of the 
stimulus: such preparations rapidly failed. 

In three experiments fast-adapting responses were recorded from dissec- 
tions including slow-adapting units, as shown in Fig. 4. In such experiments 
it was important that the spike size of the fast-adapting response could not be 
equated to the sum of the spikes of the slow-adapting receptors, because the 
spikes of slow-adapting units can be summed to form a smooth single spike, if 
the application or removal of force is rapid. In the records shown in Fig. 4 
~ the arithmetical sum of the spikes of the slow-adapting units does exactly 
equal the spike size of the fast-adapting unit: but the different direction- 
alities of the slow-adapting units make it impossible for their potentials to 
have summed arithmetically. 

The fast-adapting receptors showed directionality in the same sense as the 
slow-adapting receptors: this is demonstrated in the records shown in Fig. 4. 
Incisor movement 

When a force was applied to the incisor crown, the tip of the incisor could be 
seen to move in the direction of the stimulus. It was possible on removing small 
amounts of bone from the labial aspect of the socket, and observing the shape 
of the fluid meniscus in the periodontal membrane space thus revealed, to 
determine the fulcrum of the tooth in relation to forces applied in the laterad 
and mediad directions to the crown. The fulcrum was found to lie two-fifths 
of the distance along the labial arc of the tooth, measured from the incisal tip. 
The position of this fulcrum has been marked in Fig. 2a: it will be seen that it 
lies at the top of the socket. Therefore, when the crown moves in one direction, 
the root moves in the opposite direction. This is in contrast to the movement 
of conically rooted human teeth, which are said to tip about a point approxi- 
mately on the apical third of the root (Smith & Storey, 1952). 


DISCUSSION 
Types of discharge in the incisor nerve 

Three types of discharge in incisor nerve fibres have been described, and 
evidence has been presented that these responses emanate from three groups 
of sense organs, distinguished by the spike size of their fibres. In addition, 
responses have been observed consisting of a short burst of impulses at the 
beginning and the end of movement of the mandibular symphysis. It is not 
clear if these latter responses, and the modification by symphyseal movement 
of the frequency: of spontaneous discharge, indicate a specific innervation of 
the symphyseal joint. 

Pfaffmann (1939a) found slow-adapting and occasional spontaneously dis- 
charging fibres in the nerves of the maxillary teeth of the cat. He specifically 
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denied finding fast-adapting receptors such as he found in the cat’s tongue; 
but he noted that some ‘slow-adapting’ receptors gave only 5-6 impulses in 
response to a stimulus of 100 g. The differences in technique make difficult 
comparison with Pfaffmann’s quantitative observations. He reported initial 
frequencies of up to 1200 imp./sec from slow-adapting units, taking frequency 
as the reciprocal of the measured interval between impulses. However, his 
figure for the threshold of the canine tooth of the adult cat is of the same order 
as that here reported for the rabbit incisor, and the frequencies shown in his 
Fig. 4 are also comparable. Boyd & Roberts (1953) have reported a similar 
frequency range for the slowly adapting receptors of the cat’s knee-joint. In 
making comparison it must be remembered that the present measurements 
were made on receptors 3° C below rectal temperature, that rectal temperature 
was not rigidly fixed, and that it is possible that the use of an anaesthetic 
modified the responses, although no effects on discharge were noted when the 
concentration of circulating urethane was increased. Sand (1937) found a 
depressant action of urethane on the spontaneous discharge of sense organs of 
the lateral line of fish. : 

Boyd & Roberts (1953) found ‘rapidly adapting’ receptors scarce compared 
with ‘slowly adapting’ ones in the cat’s knee-joint, the ratio being 1/17, in 
comparison with the 1/5 ratio found in the present study. They also found the 
spikes of their ‘rapidly adapting’ discharges to be about 2} times as large as 
those of the ‘slowly adapting’ type: a similar ratio has been here reported. 
It is of great interest that Boyd (1954) has been able to identify the ‘rapidly 
adapting’ receptor of Boyd & Roberts as an elongated lamellated corpuscle 
and the ‘slowly adapting’ receptor as a spray (or Ruffini) ending, since 
Lewinsky & Stewart (1936) illustrate apparently similar endings found in 
preparations from the periodontal membranes of cat and rabbit. 


A relationship between the direction of a mechanical stimulus and the 
response of a stimulated sensory receptor has been observed in mechano- 
receptors of the lateral line organ of fish (Sand, 1937), and of the teeth (Pfaff- 
mann, 19394), vibrissae (Fitzgerald, 1940), and knee-joint (Boyd & Roberts, 
1953) of the cat. The incisor tooth of the rabbit has provided a suitable 
preparation for examining this relationship in some detail. The following 
discussion deals with the slow-adapting discharge; as well, the fast- 
adapting and spontaneously discharging responses have been found to be 
directional. 

Several mathematical treatments were considered, in attempts to relate the 
direction of the stimulus to the response obtained. In the simplest of these the 
stimulus is considered as acting at one end of a straight lever with a universal 
joint as fulerum. Then the component given in any direction at a point in the 
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periodontal membrane, by a force F acting on the tooth crown at an angle 4 
to that direction, can be described by the equation 


P=kF cos 6, (1) 


where P is the magnitude of the component and k a constant derived from the 
lever-arm ratio between the point and the point of application of the force. 

From the present results, the response of a receptor to stimuli, of magnitudes 
less than 100g, applied in the same direction, may be described by the 
equation R=K log S+e, (2) 
where R is the response, S the magnitude of the stimulus, and K and c 
constants characteristic of the receptor under consideration. 

Then, if the component given in the most sensitive direction may be con- 
sidered the effective stimulus, and if the stimulus is applied at an angle 0 to 
the most sensitive direction, (1) and (2) above may be combined giving 

R=K log cos 0+ K log (kF) +c, 

and, if the magnitudes of the stimuli are identical, 

R=K log cos 0+C. (3) 
It will be seen that, in equation (1), k could be determined if the location of the 
receptor in the periodontal membrane were known, and that, in equation (2) 
K and c could be determined for the same receptor on which directionality 
experiments were performed. It will also be noted that, in equation (3), when 
6=0°, C=R. 

In Fig. 9 a composite plot has been made of these results, shown in Fig. 6, 
where complete directionality curves were obtained. In each case the ‘most 
sensitive direction’ and the frequency at this direction have been judged by 
eye. The ‘most sensitive direction’ has then been laid along the position 0°, 
and all responses from each curve have been reduced by a factor which brought 
their frequency at the ‘most sensitive direction’ to an arbitrary value of 100 
units. Against these collected results, a curve has been drawn of equation (3), 
in which K has been taken as 350 and in which C must be 100. If values 
between 100 and 400 are given to K, curves can be drawn which fit any of the 
experimental curves reasonably well, since K determines the width of the base 
of the curve. The origin of skew in the experimental curves is unknown: 
perhaps the spiral shape of the rabbit incisor should be taken into account in 
equation (1). 

Clark (1947) has suggested that the differing alignment of the receptors of 
the skin may be the basis of the perception of the direction of a mechanical 
stimulus applied to the skin. Boyd & Roberts (1953) have presented evidence 
that their ‘slowly adapting’ responses originate from stretch receptors whose 
directionality is a property of their individual orientation in the joint capsule, 
and not the result of their systematic arrangement round the capsule. Similarly, 
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the directionality of periodontal mechanoreceptors could be a property of the 
orientation of individual receptors otherwise randomly distributed in the 
periodontium. Each such receptor must have an axis (impulses being initiated 
on deformation along that axis), whose direction would determine the direction 
of stimulation of the incisor crown to which the receptor would be sensitive. 
The axis of such a receptor need not be that of the nerve terminals themselves. 
Boyd (1954) has shown that the ‘slowly adapting’ sensory unit of the knee- 
joint consists of a number of nerve terminal sprays situated on a bundle of 
connective tissue fibres. Thus the receptor orientation could be that of con- 
nective tissue fibres. In such a composite the relation between discharge 


Response (arbitrary units) 
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Fig. 9. Composite plot of the records, from the directionality experiments, of those units for which 
examination was possible over the whole range of direction (see Fig. 6a, d). The curve is the 
plot of R=K log cos 0+C (see text), where K =350 and C = 100. The ‘most sensitive direo- 
tion’, shown in each experimental curve, has been placed at the point 0° on the abscissa. 


frequency and the magnitude of a stimulus might be more a property of the 
extensibility of the connective tissue than of the nerve terminals themselves. 

Such a model of the periodontal mechanoreceptors introduces a curious 
problem. If afferent information is to be of use to the central nervous system 
in the analysis of the changing environment, then the responses in sensory 
receptors must bear a constant relationship to a given stimulus. But, in the 
rabbit, the incisor periodontal membrane is in a state of continuous reorganiza- 
tion, the tooth being extruded from its socket at a rate of 0-3 mm/day, rising 
to as much as 0-9 mm/day if the tooth is taken out of occlusion (Herrmann, 
1953; Ness, unpublished). Therefore, the maintenance of a constant orienta- 
tion of the receptors appears a striking example of the general problem of the 
maintenance of the form of the organism when its component parts are con- 
tinuously changing. Unless, that is, the ‘glide plane’ between tooth and 
socket could be shown to lie close to the tooth, thus leaving the bulk of the 


} % 
ad 
0 7 
a 
7 
«at 


492 A. R. NESS 


periodontal membrane relatively undisturbed by eruption; Sicher (1942), on 
histological evidence, placed the ‘glide plane’ in the middle third of the thick- 
ness of the periodontal membrane. 

Continuous eruption would not present such a prdbieen if directionality in- 
volved orderly arrangement round the circumference of the socket of pressure 
receptors responsive either to the compression or to the decompression which 
must be produced in the periodontal membrane, on opposite sides of the root, 
when pressure is applied to the tooth crown. Movement in the long axis of the 
tooth during eruption would not seriously affect such a receptor whose 
directionality arose from its position in the socket and not from orientation 
of an ‘axis’. But since the responses recorded from the incisor nerve, when 
forces are applied in the labiad, linguad, mediad or laterad directions, are in- 
distinguishable, directionality based on a non-orientated receptor carries the 
postulate of even distribution of receptors round the tooth circumference. 
Preliminary histological examination indicates that no nerve bundles course 
in the labial aspect of the periodontal membrane of the rabbit mandibular 
incisor: such a finding, if confirmed, explains the failure of attempts to locate 
receptors by pushing a spring down the labial aspect of the socket.: Such 
uneven distribution of nerve fibres, and thus presumably of sensory endings, 
would rule out any model based on orderly arrangement of pressure endings; 
unless similar numbers of two groups of receptors of opposite ‘polarity’, evenly 
distributed round half the socket circumference, were postulated. Such a 
combination would seem unlikely. — 

It is possible that, instead of being randomly arranged, stretch receptors, 
such as are postulated in the first model above, might be systematically 
arranged round the socket with their axes lying radially across the periodontal 
membrane. Such a model would present the difficulties of both the previous 
models and involves a postulate of regular arrangement which is unnecessary 
to the explanation of directionality. 

In the practice of orthodontics, forces are applied to the teeth of children 
to improve the form of the dental arch. In some cases teeth are made to rotate 
90° or more round their long axes. It would be most interesting to test the 
ability of subjects to judge the quality and direction of a mechanical stimulus 
applied to the tooth before, during, and after such treatment. 


SUMMARY 

1, Sensory nerve impulses have been recorded from the whole incisor and 
mental nerves, and from dissected unit preparations of the incisor nerve, in the 
rabbit anaesthetized with urethane. 

2. The mechanoreceptor distributions of the mental and incisor nerves have 
been plotted. 

3. Slow-adapting, fast-adapting and spontaneously discharging types of 
response have been recorded from the incisor nerve, activated by mechanical 
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stimulation of the incisor crown: these responses appear to emanate from three 
distinct groups of receptors. In addition, movement of the mandibular 
symphysis has been shown to produce small bursts of impulses in the incisor 
nerve and to modify the frequency of spontaneously discharging receptors: 
the location of receptors so affected remains obscure. 

4. The response of mechanoreceptors of the incisor nerve has been shown to 
be related to the direction of a stimulus applied to the incisor crown. 

5. A simple mathematical relation between the response of slow adapting 
receptors and the direction of a stimulus has been developed. Receptor 
models which might show directionality have been proposed. 

6. The problems of the maintenance of directionality of periodontal 
mechanoreceptors of the continuously erupting rabbit incisor, and of the 
teeth of patients undergoing treatment with orthodontic appliances, have been 

It is a pleasure to acknowledge my indebtedness to many colleagues for their kind help and 
advice, and particularly to Prof. G. L. Brown, F.R.8., whose help made this work possible; to 
Mr Alan Shefford, F.D.S., for his interest in the work; to Dr J. A. B. Gray for his constructive 


criticism of the manuscript, and to Dr D, E. Barton for applying his mathematical skill to many 
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Few studies have been performed on the actions of direct current on spinal 
cord structures, and full agreement has not been reached on results or 
interpretations. 

Scheminzky (1940, 1947) has established that constant currents flowing along 
the spinal cord of frogs may elicit muscular contractions if the cathode is 
situated cephalically. Matthews (1937) and Barron & Matthews (1938) showed 
that currents flowing from one cut ventral root to the cord of either frog or 
cats evoked repetitive firing in the fibres of that root and increased the reflex 
effects of sensory excitation. They concluded that the firing is the result of 
action of the current on the motoneurones and, on the additional basis of other 
findings, suggested that repetitive reflex firing normally arises as a consequence 
of sustained motoneurone depolarization. Eccles (1939) criticized this interpre- 
tation, suggesting that the firing may arise as a consequence of a very short 
lasting action exerted by impinging impulses and that depolarization may only 
facilitate this excitatory effect. The view that reflex impulses are generated by 
an abrupt change and that longer lasting events exert facilitation only was 
maintained also by Lorente de N6é (1938a, b) and Lloyd (1946a, b). 

Bremer (194la, 6) demonstrated the excitatory effect of currents which 
depolarize the motoneurones, by showing that these increase the spinal 
reflexes and the convulsant effect of strychnine (a finding confirmed by 
Ajmone Marsan, Fuortes & Marossero, 1951). Bremer, Bonnet & Moldaver 
(1942) observed that depolarizing currents considerably prolong the after- 
discharge evoked by electrical stimulation of peripheral nerves of frogs and 
toads. 

Skoglund (1947) found that currents flowing in one direction along the 
spinal cord excite selectively extensor, and currents of opposite direction excite 
instead flexor motoneurones. Frank (1951) and Ochs (1953) observed increase 
of the short lasting reflexes elicited in cats by single shock stimulation, but 
could not elicit repetitive firing with direct current stimulation. In decerebrate 
cats, Alvord & Fuortes (1953) observed that repetitive firing possessing similar 
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features can be elicited in extensor motoneurones by sensory stimulation or by 
artificial depolarization. Recently, Alanis (1953) confirmed on frogs the findings 
of Barron & Matthews (1938) and emphasized the evidence supporting the 
view that the current acts on the soma of the motoneurones. 

In the present research, an effort was made to compare the response of 
single motoneurones to sensory and to direct current stimulation, in the hope 
that the results obtained might prove useful for interpreting the mechanisms 
underlying normal reflexes. Since some of the features of the responses of 
extensor motoneurones have been mentioned previously (Alvord & Fuortes, 
1953) most of the experiments to be described in this paper dealt with the 
responses of flexors. 

METHOD 


Non-anaesthetized, decerebrate or spinal cats have been used for this study. L7 and 81 ventral 
roots (VR) were cut and isolated up to their origin at the cord. To facilitate this, the cord was 
rotated on one side by traction on the dura and L6 dorsal root (DR) was cut. All other dorsal 
roots were left intact in order to permit sensory inflow. 


Fig. 1. Diagram of electrode arrangement used for polarizing and recording. 


The current was applied through a circuit including a large resistance (10 MQ) in series with the 
preparation, designed to compensate for electrode polarization during the current flow. The 
maximum current carried by this circuit was 4-5yA. The polarizing electrodes were silver wire 
coated with silver chloride. One of these was placed cephalically on the vertebral column and the 
other one on the ventral root fibres from which records were taken, either proximally or distally 
with respect to the recording electrodes. The latter method (Fig. 1 A) gives larger ‘on’ and ‘off’ 
artifacts and affects more the size and shape of the recorded impulses, but is at times more effective, 
probably because the current is better channeled into the internal conductor of the fibres when the 
distal electrode is widely separated from the volume conductor. Better records can be obtained 
when the current is applied through the former electrode arrangement (Fig. 1B), but, if large 
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currents are used, a greater chance existe then to block conduction or damage permanently the 
nerve fibres proximally to the point of recording. 

When the pick-up electrodes are within the (intra- or extrapolar) current field the size of the 
recorded impulses may change considerably, (see for related results Hodgkin (1948); Lloyd (1949) 
and his quotations 18, 20, 34 and 37) becoming larger when the root electrode is positive (perhaps 
the same effect noted by Barron & Matthews, 1938, Fig. 20). Whenever confusion may result 
from this effect, care should be taken to locate the recording electrodes not less than 10-15 mm 
distally to the distal polarizing electrode. 

Cut ventral roots have been used for polarizing and recording, because several difficulties 
(mentioned by Alvord & Fuortes, 1953) are introduced when polarizing currents are applied to an 
intact ventral root and records taken from the periphery. In these conditions, however, indirect 
criteria must be used in order to identify flexor or extensor nature of a given unit. A unit was 
called flexor when activated by stimulation of ipsilateral cutaneous or flexor muscular nerves or 
receptors and inhibited by stimulation resulting in ipsilateral extension, and it was called extensor 
when activated by stimulation of contralateral cutaneous and ipsilateral extensor muscular nerves 
or receptors, and was inhibited by stimulations resulting in ipsilateral flexion. Unitary activity 
recorded from one filament was postulated to originate in the same motoneurone both following 
orthodromic and direct current stimulation when only one unit could be activated by either 
method of stimulation in isolation, and when the spike size was identical or similar in both cases, at 
least for stimulation with weak direct currents. The observation that similar features of rhythmical 
discharge were found with both procedures supported the view that the trains originated in the 
same unit. 


Condenser coupled amplifiers having short time constants were used in connexion with a cathode- 
ray oscilloscope, and photographic records were taken on moving film. 


RESULTS 
Composite responses 
The basic results obtained by Matthews (1937) and Barron & Matthews (1938) 
can easily be confirmed in active, spinal or decerebrate cats. In these pre- 
parations, records taken from large ventral root filaments show a variable 


Fig. 2. Effects of direct currents of opposite sign on ventral root activity. Decerebrate cat. 
Record from rootlet of L7VR. Electrode placed as in Fig. 1A. Polarizing electrodes equi- 
potential in sections a and ¢; cord electrodes positive in b; cord electrode negative in d. Time 
signal (superimposed on current signal) y's sec. (Note that deflexion of current signal is pro- 
portional to current intensity in any one experiment, but its gain and polarity are set 
arbitrarily in different experiments, so that height and sign of deflexion in different figures 
do not indicate comparative intensity and direction of current.) 


amount of resting activity. This is increased by currents flowing from root to 
cord and decreased or abolished by currents of opposite direction (Fig. 2). The 
current intensity required to produce these effects varies from case to case. 
In large filaments, more than 2A are usually needed, whereas currents of less 
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than 0-54A (corresponding to a voltage drop of about 50 mV across the 
polarizing electrodes) are effective in most cases on thin filaments. Prepara- 
tions which, because of inflicted damage, do not present sustained repetitive 
firing in response to sensory stimulation usually are irresponsive to direct 
current stimulation also. 


Unitary responses 
When ventral root filaments are dissected in which activity can be elicited 
in one unit only (or in which the activity of one unit stands out prominently 
on the background of smaller discharges) it can be observed that the type of 
activity elicited by direct currents resembles that evoked in the same unit by 
appropriate sensory stimulation. 


Fig. 3. Repetitive firing of extensor motoneurones following sensory excitation or d.c. stimulation 
at different intensities. Decerebrate cats. Records from thin filament of 81 VR. Electrodes 
placed as in Fig. 1A. 

A. Upper record: Firing evoked by sustained stretch of ipsilateral gastrocnemius muscle. 
Lower record: Firing evoked by constant current from root to cord. About 4 sec omitted 
between the two sections of each record. Time signal yg sec. 

B. Strength of stimulating direct current expressed in % of threshold. Note first impulse 
of 3rd record partly obscured by ‘on’ artifact. Also note increase of unitary spike size during 
flow of stronger currents. Time as in Fig. 3A. 


This is illustrated in Fig. 3 A, in the case of a unit defined as extensor on the 
basis of the criteria mentioned above (see Method). The experiment confirms 
previous findings (Alvord & Fuortes, 1953) according to which extensor moto- 
neurones respond to either orthodromic or direct current stimulation with 
sustained, slow frequency firing. The tendency of extensor motoneurones to 
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discharge sustained trains of impulses throughout the flow of depolarizing 
currents is again illustrated in Fig. 3B, which also shows that utilization time 
decreases and frequency of firing increases when intensity of the stimulating 
current is augmented. 

Flexor units tend to fire at higher frequency and present adaptation when 
excited by direct currents, as they do following weak cutaneous (Fig. 4, see 
also Fuortes, 1954, Fig. 12) or muscular stimulation (Asayama, 1916). 


Fig. 4. Repetitive firing of one flexor motoneurone. Acute spinal cat. Reoords from thin 
filament of L7VR. Electrodes placed as in Fig. 1A. Upper record: Firing evoked by light 
touch of ipsilateral hind limb. Lower record : Firing evoked by weak constant current flowing 
from root to cord. Time | sec. 


Strength of orthodromic excitation is known to control latency, frequency 
and duration of the repetitive reflex firing of flexor motoneurones (see Fuortes, 
1954, Fig. 12). Similar controls are exerted by intensity of applied currents. 
As illustrated in Fig. 5, weak currents flowing from ventral roots to cord evoke, 
after a considerably long time, a single impulse or a short lasting discharge of 
moderate frequency, and stronger currents evoke, after shorter times, dis- 
charges of longer duration and higher frequency. It is interesting to note that, 
because weak stimuli are sufficient to produce these effects, the stimulus onset 
does not initiate impulse firing in the root fibres or in the motoneurone soma. 

Similarity of the firing evoked by orthodromic or direct current stimulation 
has also been strikingly observed in particular cases. In two cats units were 
found in §1 VR, which responded with uncommonly organized discharges to 
tactile stimulation of the perineal region but could not be activated by any 
other type of sensory stimulation. As illustrated in Fig. 6A, the discharge 
evoked by sensory stimulation consisted of short bursts of impulses separated by 
irregular intervals, and was reproduced by direct current stimulation. Strength 
of direct current stimulation influenced latency (utilization time) but not 
appreciably frequency of firing (Fig. 6B). Despite the fact that 82 VR was 
intact in both preparations, no movement was observed in association with 
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this discharge and, consequently, it could not be established if this is a com- 
ponent of a physiological reflex or rather an abnormal discharge related to 


damage. 


Fig. 5. Effect of current intensity changes on firing of one{flexor motoneurone. Same 
as Fig. 4, but records from a different VR filament. Electrodes placed as in Fig. 1 A. Current 


strength expressed in % of threshold. Time | sec. 


116 


A 
Fig. 6. Firing of motoneurones responding to stimulation of perineal region. Decerebrate cats. 
Records from thin filaments of 81 VR. Electrodes placed as in Fig. 1A. 
A. Upper record: Firing evoked by sustained touch of the perineal region. Lower record: 
Firing evoked by flow of weak current from root to cord. Time } sec. 
B. Other preparation. Firing evoked by depolarizing constant currents of intensity ex- 
pressed in % of threshold. Time 3s sec. 


Site of action of the current 
Several observations indicate that the repetitive firing elicited by direct 
current is not initiated in the ventral root fibres. After crushing a ventral root 
filament between polarizing electrodes and spinal cord, the same weak currents 
which were previously adequate to elicit repetitive firing become ineffective. 
If the polarity is reversed (cord electrode positive) and the current increased, 
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a single impulse is initiated at the onset. Further increase of the direct current 
may on occasions elicit repetitive firing even after crushing, but the discharge 
is then of higher frequency and differs in several other features from the firing 
occurring before crushing the nerve fibres. Besides crushing, administration 
of pentobarbitone sodium (Nembutal), in doses which would not be expected 
to affect nerve excitation and conduction (e.g. 40 mg/kg) also prevents initia- 
tion of repetitive firing following stimulation with weak direct currents. 
Other findings and considerations indicate that repetitive firing is not 
generated as a consequence of action of the current upon interneurones. 
Currents flowing between ventral roots and cord could be expected to have 
opposite effects for opposite directions only if they act upon structures possessing 
a systematic orientation with respect to the current path. Since interneurones 


Fig. 7. Interaction of orthodromic stimulation and polarization on the firing of flexor and extensor 
motoneurones. 

A. Acute spinal cat. Records from filament of S1VR. Electrodes placed as in Fig. 1B. 
Stimulating electrode on ipsilateral superficial peroneal nerve. Upper record: ‘On’ and ‘off’ 
of current indicated by the large artifacts. Since the artifacts evoked by peroneal nerve 
stimulation are not apparent, the stimuli are indicated by dots at the bottom of the record. 
Note impulse firing after termination of nerve stimulation. Lower record: Nerve stimuli 
signalled by the 10/sec artifacts. Flow of constant current starts and ends during the sub- 
liminal peroneal nerve stimulation and is indicated by the other large artifacts. Time 1 sec. 

B. Decerebrate cat. Records from filaments of L7VR. Electrodes placed as in Fig. 1B. 
Stimulating electrodes on both branches of ipsilateral gastrocnemius nerve. Frequency of 
stimulation 100/sec. Artifacts similar to those of Fig. 7A signal ‘on’ and ‘off’ of direct 
current and nerve stimulation. Time as in Fig. 7A. 
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are not so oriented, while motoneurones are, the described effects of direct 
current are likely to be due to action on motoneurones. Moreover, in agree- 
ment with previous findings (Alanis, 1953) the action of the current could be 
observed in the filaments subjected to polarization but never in adjacent ones. 
If the currents evoked internuncial excitation such strict localization could not 
be explained, for spread of the current to filaments adjacent to the polarized 


one would be expected. 


Interaction between direct current and orthodromic stimulation 

All available findings are consistent with the view that direct currents, 
applied as described above, act on the soma of the motoneurones. Since inter- 
action indicates a common site of action, this view receives support from findings 
demonstrating interaction between direct currents and afferent excitation, 
reaching the motoneurones through mono- as well as pluri-synaptic pathways. 

Interaction has been demonstrated by means of three types of experiments. 
The experiments illustrated in Fig. 7 demonstrate that repetitive firing occurs 
when stimulation of peripheral nerves, subliminal for reflex activation, is 
combined to subthreshold direct current depolarization. Fig. 8 shows that the 
duration of the repetitive firing elicited by impingement of volleys of cutaneous 
origin is considerably increased during flow of a subliminal depolarizing current, 


Fig. 8. Interaction of orthodromic stimulation and polarization on flexor after-discharge. 
Decerebrate cat. Record from thin L7VR filament. Electrodes placed as in Fig. 1A. The 
record is continuous from top to bottom. Stimuli applied to the superficial peroneal nerve 
every 4 sec and each evoke a unitary train of impulses. The duration of the unitary discharge is 
increased during flow of subliminal constant current, applied and discontinued as indicated. 
Time | sec, 
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and, finally, Fig. 9 shows that the frequency of repetitive firing evoked by 
muscular stimulation is increased as a consequence of subliminal direct current 
stimulation. 


22 © 


Fig. 9. Interaction of orthodromic stimulation and polarization on frequency of firing of extensor 
motoneurones. Decerebrate cat. Record from thin L7 VR filament, Electrodes placed as in 
Fig. 1B. Lower record is the continuation of the upper record. Firing elicited by stretch of 
ipsilateral gastrocnemius initiated at start of record and terminated at arrow. Current flow 

(from root to cord) indicated by upward deflexion of lower trace. Time yy sec. 


DISCUSSION 

The present experiments confirm the findings that repetitive firing occurs in 
ventral roots as a consequence of direct current stimulation, and the view that 
this effect depends upon depolarizing action of the current on the motoneurone 
soma. Considering these conclusions together with findings showing the repeti- 
tive reflex firing is invariably associated with signs of depolarization of the 
motoneurones (Barron & Matthews, 1938; Fuortes, 1954) it appears legiti- 
mate to assume that sustained depolarization is normally involved in genera- 
tion of repetitive reflex discharges, As has been mentioned in the introduc- 
tion, different hypotheses have been proposed concerning the role played by 
sustained motoneurone depolarization in the generation of impulse firing. 

Findings similar to those presented above were originally interpreted as- 
suming that repetitive firing is generated by sustained depolarization of the 
motoneurones without the necessity of additional changes contributed by 
impulse impingement (Matthews, 1937; Barron & Matthews, 1938). This inter- 
pretation was supported by the several analogies (listed by Barron & Matthews, 
1938, Table 1) between repetitive firing of motoneurones and of receptors, and 
was later substantiated by other results on initiation of repetitive firing of 
receptors (Katz, 1950; Hartline, Wagner & MacNichol, 1952; Kuffler & 
EKyzaguirre, 1954). 

Besides confirming such similarities, the present results reveal close re- 
semblance between some features of the responses of motoneurones and of 
non-medullated axons stimulated by direct currents. Hodgkin (1948) found 
that intensity of an applied constant current controls both utilization time and 
frequency of firing of most crab giant axons (Class I) whereas it influences 
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utilization time but not frequency of discharge of others (Class II). Further- 
more, some Class I axons adapt to the constant stimulus while others do not. 
Similar types of response to direct current stimulation have been observed in 
motoneurones. The repetitive firing of extensor motoneurones generally 
resembles that of non-adapting Class I axons; the discharge of flexors resembles 
that of adapting Class I axons and the response of the motoneurones of un- 
known function illustrated in Fig. 6B is similar, in some properties, to that of 
Class II axons. 

The view that motoneurone firing may occur as a consequence of a steady 
state has been opposed because of generalization of conclusions derived from 
experiments in which reflexes were elicited by synchronous afferent volleys, 
since the finding that such volleys, if sufficiently large, generate one reflex 
impulse almost as soon as they impinge the motoneurone membrane has led 
to the conclusion that reflex firing must originate as a consequence of a rapid 
change. It is suggested here that this conclusion cannot be applied to the 
interpretation of reflexes elicited by sustained sensory stimulation and con- 
sisting of rhythmically repetitive firing. Indeed it is thought that constant 
depolarizing currents simulate the actions exerted on motoneurones by sus- 
tained sensory stimulation, better than synchronous afferent volleys may do. 
Evidence will be produced in a future article to show that the change induced 
in the motoneurones by sustained sensory stimulation is continuous and 
uniform. Apparently if the excitatory change contributed by each impinging 
impulse is short lasting, the frequency of bombardment is sufficient for fusion 
of the individual changes into a steady state. In this situation, the course of 
events occurring after impingement of one isolated volley will not take place 
and several conclusions derived from its analysis will not be applicable. In 
particular, the view that reflex firing must be the consequence of an abrupt 
change should be abandoned. 


In order to illustrate the expressed concept one can consider that activation of fifty fibres 
converging upon one motoneurone is necessary to initiate its repetitive discharge and that, 
following adequate stimulation of receptors, each fibre discharges 100 impulses per second. If 
the impulses in the fifty fibres are randomly organized the individual changes will integrate in a 
steady state, even if the duration of the change contributed by each impulse is no longer than 
1 msec. If the effect of each impulse is to evoke a transient depolarization of the motoneurone 
membrane, the combined effect of all impulses will be to evoke a steady depolarization, just as 
happens following direct current stimulation. 


The observation that extensor and flexor motoneurones are activated by 
currents of opposite sign (Skoglund, 1947) has not been confirmed. 


The discrepancy can be ascribed to the different methods of application of current, if one 
accepts that the effects observed by Skoglund are a consequence of different orientation of flexor 
and extensor motoneurones with respect to the axis of the cord rather than of exceptions to the 


basic property of neurones to fire impulses when depolarized. 
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It was found however, that the firing elicited by depolarizing direct currents 
has different properties in extensor and flexor motoneurones and resembles 
that elicitable in the same units by orthodromic excitation. This suggests that 
some features of the reflex firing (such as typical frequency of discharge and 
tendency to adaptation) are, at least in part, a consequence of properties of 
the motoneurones themselves. Other features must instead be ascribed to 
properties of the central reflex pathway. In particular, very slow build up of 
activity and after-discharge are found in both flexor and extensor moto- 
neurones, but only when they are activated through plurisynaptic pathways, 
and they have never been observed following direct current stimulation. In 
the after-discharge of cats, the reflex firing does not outlast the depolarization 
of the motoneurones (as suggested to occur in frogs by Bonnet & Bremer, 1952) 
but rather the depolarization outlasts the impingement of impulses through 
primary afferent fibres (Fuortes, 1954, Fig. 14). This confirms the validity of 
the statement that repetitive reflex firing is invariably associated with moto- 
neurone depolarization, but introduces the problem of identifying the ween 
reponsible for evoking this long lasting change. 

In conclusion, results and considerations mentioned above are in agreement 
with Matthews’s (1937) suggestion that repetitive reflex firing originates in 
the spinal motoneurones in the same way as repetitive discharges originate in 
receptors, namely as a consequence of development of a steady state identi- 
fiable (in the motoneurones) with Sherrington’s Central Excitatory State. Sus- 
tained depolarization of the motoneurone membrane is a consistent correlate 
of this steady state and, on the basis of analogies with other structures, it is 
considered to be a sufficient cause of the repetitive discharge. It is suggested 
that this steady state results from fusion of transient changes contributed by 
individual impinging impulses or small volleys. Nature, origin and properties 
of the postulated unitary change cannot be defined in all cases. Evidence 
provided by results on reflexes of muscular origin (Alvord & Fuortes, 1953) 
indicates that its time course following volley impingement is here similar to 
that of Eccles’s (1946) ‘synaptic potential’ and of Lloyd’s (19465) ‘residual 
facilitation’. Its site of origin and its nature remain however a matter of dis- 
cussion also in this instance (see Lloyd, 1952). The longer lasting changes in- 
duced in motoneurones by impingement of a volley of cutaneous origin may be 
interpreted to occur as a consequence of repetition of transients as short lasting 
as those occurring in muscular reflex pathways or by interventions of other 
processes. 

A recent revision of some properties of dorsal root potentials (Frank & 
Fuortes, 1954) does not substantiate the hypothesis proposed by Barron & 
Matthews (1938), and tentatively accepted by Brooks & Fuortes (1952) that 
these potentials may be directly responsible for producing the long lasting 
depolarizations observed following activation of the cutaneous reflex pathway. 
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The mechanism of transmission suggested above is supposed to play an 
important role in normal! reflex function, interacting with the better described 
mechanism, which depends upon a rapid excitatory change and results in the 
early firing of one single reflex impulse. These two mechanisms need not be 
based upon essentially different processes, but it is useful to consider them 
separately because of their several different properties, and it is interesting to 
speculate upon their relative contributions to various physiological reflex 
actions. 

SUMMARY 

1. The resting activity present in ventral roots of non-anaesthetized (spinal 
or decerebrate) cats is increased by constant currents flowing from root to cord 
and decreased by currents of opposite direction. These actions are limited to 
the fibres subjected to direct current stimulation, no effect being observed in 
neighbouring fibres. 

2. The response to direct currents is abolished if the root is crushed between 
polarizing electrodes and cord, or if anaesthetic doses of barbiturates are 

3. In any given motoneurone, direct current and sensory stimulation evoke © 
repetitive firing of similar features. Extensor motoneurones tend to respond 
to either type of stimulation with sustained slow-frequency firing, and flexors 
tend to fire at higher frequency and to present adaptation. Some motoneurones 
respond to both types of stimulation with high-frequency bursts. 

4. Both ultilization time and frequency of discharge are controlled by 
intensity of the applied current in most motoneurones. In a minority, how- 
ever, utilization time is shortened following stronger stimulations but fre- 
quency of firing remains constant within a wide range of intensities. 

5. Subliminal direct current stimulation facilitates the response to ortho- 
dromic excitation. 

6. The results are taken to indicate that current applied as described evokes 
sustained depolarization of the motoneurone membranes, and that the 
depolarization evokes repetitive firing as it normally does in receptors or as it 
does in artificially depolarized non-medullated axons. It is argued that 
physiological repetitive reflex firing is produced by a similar mechanism, 
namely, that the rhythmical reflex impulses are generated by a steady state 
rather than by rapid and short lasting excitatory changes. 
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Usually the problem of joint proprioception is divided into two parts. The first 
part is concerned with the behaviour of joint proprioceptive endings when the 
joint is motionless or during passive movements produced by externally 
applied forces. The impulse discharges from the knee-joint of the cat have 
been studied in this way by Andrew & Dodt (1953), Boyd & Roberts (1953) 
and Andrew (1954a). The second part of the problem is concerned with the 
sensory inflow from joint proprioceptors when movements are produced by 
the musculature of the animal. This is less readily studied, as it is difficult to 
produce normal limb movements in the anaesthetized animal. 

The laryngeal joints seemed well suited for experiments on the second part 
of the problem since movements occur regularly with respiration in the 
anaesthetized animal. In addition, the amplitude of the movements is 
variable to a certain extent as dyspnoea is accompanied by an increase in 
the vigour of the accessory respiratory movements. Some preliminary 
experiments have already been described (Andrew & Oliver, 1951). On the 
other hand, the joint is not easily studied from the point of view of static 
performance since it cannot be immobilized conveniently; even if the motor 
fibres to the laryngeal muscles are cut the respiratory movements of the 
tongue, pharynx and trachea disturb the joint. For this reason records of the 
discharge from the static or passively moved joint were made from an isolated 
larynx preparation. Compared with other joints the task of localizing the 
nerve endings is simplified since there are no bony structures to contend with 
during dissection, and it is not necessary to decalcify the histological 
preparations. 

METHODS 


The experiments were performed on thirty rats, The animals were anaesthetized with urethane, 
given intraperitoneally as a 25% (w/v) solution, 5 ml./kg body weight. 

The dissection of the superior laryngeal nerve. A mid-line incision was made on the ventral surface 
of the neck. The subcutaneous tissue was divided between the salivary glands. The sternohyoid 
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muscle was cut transversely at its attachment to the hyoid bone and reflected back and cut short 
close to the sternum. The connective tissue in the region of the common carotid artery at the level 
of the thyroid cartilage was dissected with the aid of a low-power bi i pe to reveal the 
superior laryngeal nerve at its point of departure from the nodose ganglion. The nerve was 
detached from the ganglion and dissected free in the direction of the larynx. The nerve divides 
usually into four filaments as it approaches the larynx. 

Recording. The prepared nerve was placed on silver wire electrodes which were bound with 
a single layer of silk wound spirally to maintain a layer of Locke’s solution on the surface of the 
wire. A pool of Locke’s solution was formed at the bottom of the wound cavity and the nerve 
and the electrodes were submerged in this except when recordings were taking place. The electrodes 
were connected to a conventional capacity-coupled amplifier and thence to cathode-ray oscillo- 
graphs and loudspeaker. The action potentials were recorded on moving bromide paper. In 
those experiments in which the respiratory movements were recorded simultaneously with action 
potentials either a stethograph was passed round the body of the rat at the level of the diaphragm 
and the tensions which were developed were applied to a piezoelectric crystal, or a small plate was 
laid over the region of the xiphisternum and its movements transmitted by a lever to the piezo- 
electric crystal. The voltages developed by the crystal were fed into a cathode-follower stage. The 
cathode-follower output after a single stage of D.c. amplification was applied directly to a deflector 
plate of one of the two beams of the recording cathode-ray oscillograph. When the electromyo- 
gram of the epiglottic muscle was recorded, the mid-line overlying part of the hyoid bone was 
excised and silver wire electrodes applied to the muscle. The potentials were amplified and applied 
to the second beam of the recording cathode-ray oscillograph. 

The isolated larynx preparation. The larynx, together with a short piece of trachea, was dis- 
sected out of the anaesthetized animal or immediately after the animal had been killed by a blow 
and placed in a bath of warm oxygenated Locke’s solution. The larynx was secured by tying 
a glass tube into the tracheal stump and oxygen was passed through the tube, escaping into the 
bath through the glottis. Additional oxygenation was provided by a sintered-glass gas distributor 
in the bath, As the gas bubbles stimulated nerve endings in the preparation the gas supply was 
cut off during tests. Anoxia of the larynx showed itself by a gradual failure of endings, though 
some endings were found to be much more vulnerable than others. The bath was kept warm by 
a direct current in a glass-enclosed resistance element immersed in the Locke’s solution. 

Histology. The morphology of the endings and the arrangement of the sensory axons were 
studied with methylene blue. The tissues were stained by perfusion of the blood vessels with 
a solution containing, per 100 ml., 0-8 g NaCl, 0-15 g MgBr,, 0-02 g methylene blue, 0-2 g glucose 
dissolved in distilled water. It was found convenient to cannulate one common carotid artery and 
inject 5 ml. into the peripheral end. The branches of the common carotid artery, apart from those 
serving the larynx, were tied off prior to the injection. The injection was then repeated on the 
other side, After an interval of about 10 min the larynx was excised and placed in a shallow dish 
containing a solution of similar composition to the staining fluid except that the methylene blue 
was omitted. It was trimmed under a dissecting microscope, and when the correct contrast 
between nerves and other tissues had developed it was immersed in cold saturated ammonium 
molybdate solution for 12-24 hr. When small pieces of tissue were excised for histological examina- 
tion in experiments designed to associate stretch sensitivity with specific structures, the small 
fragments were stained by immersion in the staining fluid for 15 min. It was usually found 
essential to tie-out these fragments with fine thread to a glass cover-slip so as to preserve their 
shape and permit recognition of the position of the endings. After fixation the tissues were washed 
in distilled water for 1 hr, cooled to about 5° C and dehydrated in cold absolute alcohol in the 
refrigerator at 0-3° C for 3-12 hr. The tissues were then transferred to ice-cold xylol and allowed 
to warm to room temperature. When they had cleared they were mounted in D.P.X. It usually 
took several days for the mounting medium to penetrate evenly through the tissues. Micro- 
photographs were taken in orange-coloured transmitted light using Ilford filter micro 5. 
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RESULTS 
The mechanism of the thyroepiglottic joint 


_ The main features of the joint are indicated in Text-fig. 1. The epiglottis has 


a simple hinge with the thyroid cartilage. The flexion movement of the joint 
is checked when the epiglottis strikes the arytenoids and the extension move- 
ment is normally checked when the ventral surface of the epiglottis strikes 
the nasal surface of the soft palate: though it is possible for the epiglottis to 
slip past the soft palate so as to lie in a more extended postion with its tip in 
the space between the buccal surface of the soft palate and the dorsal surface 
of the tongue. Apart from these extreme checks there are a number of 


Text-fig. 1. A diagram of a mid-line longitudinal section through the joint between the epiglottis 
and the thyroid cartilages in the rat. (a) cricoid cartilage, (6) arytenoid cartilage, (c) lateral 
aryepiglottic fold, (d) soft palate, (e) tongue, (f) epiglottic muscle, (7) aryepiglottic ligament, 
(A) cuneiform cartilage, (i) vocal folds, (j) thyroid cartilage, (k) trachea, (/) mouth, (m) epiglotti 


structures which provide a graded opposition as the joint is moved from the 
position of rest, which is nearer extension than flexion in the isolated joint, 
either towards flexion or extension. During flexion the epiglottic muscle and 
the aryepiglottic ligament are stretched. The aryepiglottic ligament is 
attached to a spur of the epiglottic cartilage. The point of the spur describes 
an arc during a joint movement and is closest to the tip of the arytenoid at 
a position intermediate between flexion and extension. During extension the 
structures, collectively referred to as the cuneiform cartilage system, the 
aryepiglottic ligament and the lateral aryepiglottic folds, are stretched. The 
cuneiform cartilage system is shown in Text-fig. 4 and is described in detail 


later. As is well known, extension or flexion of the joint is produced during 
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descent or elevation of the larynx as a whole, as occurs during swallowing, 
but in addition small regular movements occur synchronously with respiration. 
Movements of the epiglottic muscle, the soft palate, the pharyngeal wall and 
the thyroid cartilage all influence the position of the joint. 


The isolated larynx preparation 

The use of this preparation allowed the joint to be dissected with much 
greater ease than in situ since control of haemorrhage was no longer a problem 
and certain parts, such as the dorsal aspect of the larynx, became easily 
accessible. The preparation was found to be quite reliable, and provided the 
oxygenation was adequate it functioned for 8-12 hr. In most experiments it 
was maintained at 30-35° C, but it was found to work at 25° C though the 
discharge frequencies of the endings were then reduced. Owing to the 
mechanical stimulation caused by the bubbles of oxygen passing out through 
the glottis, it was necessary to cut off the gas supply during recordings, but 
for periods of a few minutes the discharges from the endings were unaffected 
by the Pe oxygen lack. It was considered that details of the per- 
formance and location of the sense endings gained from experiments with the 
isolated joint were necessary in order to interpret the outflow of nerve 
impulses from the joint in situ. | 

The branches of the superior laryngeal nerve were cut except branch 1, 
which serves the anterior part of the larynx (Andrew, 19546). When either 
the main trunk or branch 1 was put on the electrodes a large number of 
impulses were detectable and clearly many fibres contributed to the sensory 
outflow. More information was obtained by two procedures; first, limitation 
of the number of fibres on the electrodes by dissection of the nerve into small 
strands; and secondly, limitation of the sensory field by section of intra- 
laryngeal branches of the nerve or dissection of the joint tissnes. Limitation 
of the outflow by anoxia occurred in some of the earlier experiments but it 
was not used deliberately. It was noted that most of the active fibres dis- 
charged impulses at steady frequencies when the joint was at rest; no fibres 
showing a cyclical variation of frequency were detected. Text-fig. 9 shows 
a comparison between the total discharge in branch 1 of an isolated prepara- 
tion with that of a larynx in situ. 

Endings sensitive to joint position. These were found to be of two types. The 
first (type 1) discharged impulses when the joint was between some inter- 
mediate position and full extension and the frequency of the discharge rose as 
extension was approached. The second (type 2) discharged impulses at a 
frequency which increased as the joint deviated in either direction (flexion or 
extension) from some intermediate position; as a rule there was no discharge 
within an arc of joint position on either side of the intermediate position. 
Text-fig. 2 shows the behaviour of one of these endings but the quiescent 
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period is concealed in this graph as the points are obtained by counting the 
impulses in 0-5 sec periods. The pause in the impulse discharge is shown in the 
recording of another ending of this type in Text-fig. 3. 

The impulse discharging properties of the endings of the two types proved 
to be so alike that it was assumed that the same functional ending was 
responsible for the discharge of both types, but that the difference in sensitivity 
to joint position was due to anatomical differences of the structures on which 
the endings were mounted. 

The location of the endings. Records of fibres attechad ¢ to type 1 endings 
were the more easily obtained. The endings were located on the cuneiform 
cartilage system on the dorsal side of the joint. This system consists of three 
parts. A band of connective tissue attached to the dorsal surface of the 
epiglottis over a zone approximately opposite to the attachment on the 
ventral surface of the tendon of the epiglottic muscle has its other end 
attached to a U-shaped cartilage (made up of two cuneiform cartilages fused 
at one end) which lies symmetrically with one limb on each side of the mid-line 
just anterior to the vocal folds. To each of the limbs of the U-shaped cartilage 
is attached a slender muscle connected to the cricoid cartilage close to the 
crico-arytenoid articulation. In addition, a few fibres link the thyroid cartilage 
to the cuneiform cartilage. The arrangement is shown diagrammatically in 
Text-fig. 4. The nerve endings are found in two situations. There is a single 
(sometimes double) ending in the junctional zone where the fibres of the 
connective tissue band are attached to the cuneiform cartilage. This ending 
is illustrated in Pl. 1, fig. 2. The other endings lie on the surface of the con- 
nective tissue band. The endings in these two sites show histological differences 
but functional differences were not detected. The positions of the endings on 
the cuneiform cartilage system were established by removing a piece of 
cricoid cartilage so that the dorsal surface of the joint could be observed 
through the dissecting microscope. The joint was then extended to bring into 
action one or two type 1 endings. Branch 1 was dissected so that a reasonably 
simple discharge pattern was obtained or alternatively the inessential intra- 
laryngeal branches of branch 1 were cut. The joint was then explored with 
a fine glass probe for positions where the discharge of the extension receptors 
was modulated with a minimum of distortion of the tissues. The probe was 
a very potent stimulus in certain sharply localized positions. When the cunei- 
form cartilages were excised the extension signalling system was either 
destroyed or entirely altered in character. 

It was considered likely that some, at least, of the type 2 endings were 
located on the aryepiglottic ligament since it was observed that the ligament 
had a minimum length in an intermediate position, and was stretched as the 
joint was extended or flexed, and nerve endings of large fibres were situated 


on the ligament. In experiments in which all tissue connecting the epiglottis 
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Text-fig. 2. Nerve impulse discharge characteristic of a single type 2 ending in the isolated larynx 
preparation. The joint was moved from a three-quarter extended position to a fully flexed 
position. The movement lasted 5} sec and began at 14 sec on the time scale. The steady 
impulse discharge frequency of this ending at full extension was 85 imp./sec. Temperature 
of the bath was 31°C. The points on the graph were obtained by counting the number of 
impulses in } sec periods. 


Text-fig. 3. Nerve action potentials from a filament of branch | of an isolated larynx preparation. 
A, the joint is motionless at a three-quarter extended position. The ending is fully adapted 
and discharging at a steady rate of 62 imp./sec. B, Reading from left to right, the joint is 
moved towards flexion. The discharge falls in frequency but stops abruptly at about 20 imp./ 
sec; when the discharge starts again it does so at a frequency of about 35 imp./sec. At full 
flexion (not shown in this figure) the frequency rose to 60 imp./sec. 
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to the rest of the larynx was cut except the aryepiglottic ligament,' tension 
applied to this remaining tissue initiated a slowly adapting discharge. 

The impulse discharging properties of the endings. The endings (types 1 
and 2) were slowly adapting and maintained their output indefinitely if the fully 
adapted discharge frequency was above about 10 impulses/sec. If the frequency 
fell to this level the ending adapted to zero. High frequencies of discharge 
were maintained for short periods, e.g. 35 impulses in 0-2 sec. The discharge 
frequency at a given level of stimulation was dependent on temperature. 


Text-fig. 4. Diagram of plan view of the dorsal surface of the epiglottis and cuneiform cartilages. 
A, a spur of the epiglottis to which the aryepiglottic ligament is attached. B, epiglottis with 
lateral wings. C, band of connective tissue which secures the cuneiform cartilages to the 
dorsal surface of the epiglottis. D, cuneiform cartilages fused in the mid-line. E, muscle 
fibres attached to the cuneiform cartilages. Stretch receptors are found on C, at the junction 
of C and D, and on the aryepiglottic ligament. 

Within the range used in these experiments (25-35° C) the frequency in- 

creased with temperature. The anatomical arrangement suggested that stretch 

is the effective stimulus for the endings; it seems likely that differences in 

sensitivity are due to different mechanical features of the sites of the endings. 
The performance of endings during joint movements. Owing to the small size 

of the joint it was not found possible to devise a stimulator which would move 

the joint at accurate angular rates. All slow movements of the joint were 

therefore produced manually with a glass rod applied to the epiglottis. As 

a consequence the graphs which show the performance of the endings during 

joint movements are plotted in terms of impulse frequency and time; the time 

increment being only approximately proportional to angle increment. How- 
ever, where the nerve filaments contained fibres from more than one active 
ending, as in Text-fig. 5, it was possible to plot their simultaneous frequencies 
and this gave an indication of the relative arcs of sensitivity of the endings. 
Text-fig. 6 gives an example of this. It will be seen that during the slow 
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Text-fig. 5. Recordings from a small filament of branch 1 of an isolated larynx preparation during 
a slow extension movement from a mid-way position to full extension. The movement lasted 
8 sec and was produced manually. A, at the beginning of the movement, shows the recruit- 
ment of a second sensory type 1 ending which begins to discharge at a frequency of 12 imp./ 
sec. B and C, during the periods beginning 4 and 6-5 sec respectively, show the increased 
frequencies as the joint extends. The large deflexions in record C are not due to the recruit- 


ment of a third unit, but are produced by the electrical summation of 2 impulses occurring 
simultaneously. 


70 


60 


l j i i 
0 1 2 3 4 5 6 
Midway Sec 


Text-fig. 6. The impulse di ing characteristics of the two units shown in Text-fig. 5. Some 


of the irregularity of the points is presumably due to the fact that the joint was moved 
manually. 
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movement the two type 1 endings had different thresholds. The response 
curves are similar but displaced in time and therefore angle. No multifibre 
type 2 preparations were obtained, so there is no evidence to offer on this 
point. 

If the joint is moved to extreme flexion and then released, it rapidly moves 
back to an intermediate position under the action of restoring forces from 
stretched elastic parts of the joint such as the aryepiglottic ligament. This 
movement is complete in less than } sec and represents an angular movement 
of about 70°. It was used to observe the behaviour of the endings during 
rapid movements, such as occur during swallowing. During these movements 
the process of recruitment became less obvious, and it appeared that some 
endings were being stimulated at a point in advance of that at which discharge 
began during slower movements. Owing to the imprecision of the stimulus this 
can only be regarded as an impression. Text-fig. 7 shows recordings from 
a filament containing fibres from three type 1 endings and the spike heights are 
sufficiently different to avoid confusion. The joint was flexed and allowed to 
recoil a number of times, and in some records recruitment of the endings was 
seen as in Text-fig. 7a, whereas on other occasions the discharge started 
almost simultaneously in the three fibres. To give an indication of the adapta- 
tion which takes place after such a movement, the graph in Text-fig. 8 has 
been prepared from a recording of one of the three fibres seen in Text-fig. 7. 


The sensory outflow from proprioceptors in the anaesthetized preparation 

Action potentials in the superior laryngeal nerve. The main trunk contains 
a variety of sensory fibres, and the activity of the joint proprioceptors is 
largely obscured by the large volume of sensory impulses. The activity is 
reduced and simplified when branches 2—4 are cut. Some details of the 
afferent fibres in these branches have been given elsewhere (Andrew, 19546). 
After section of these branches the activity contains two conspicuous com- 
ponents. One component consists of large fibres discharging at steady rates, 
the other of fibres discharging at rates which vary cyclically with respiration. 
The two components are more obvious when heard from the loudspeaker than 
in photographic records. In some fibres the maximum discharge rate occurs 
early in inspiration, and in others during expiration. The inspiratory fibres 
become dominant during dyspnoea. This feature in the main trunk of the 
superior laryngeal nerve of the dyspnoeic rabbit has been described by 
Petitpierre (1943). The cyclical discharge is not stopped by bilateral section 
of the recurrent laryngeal nerves nor does it depend to more than a small 
amount on the movements of air through the larynx. The cyclical component 
only ceases when the larynx is isolated from movements transmitted to it 
from adjacent structures. This confirms the findings of Petitpierre (1943) 
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in the rabbit. As has been mentioned earlier in this paper, there is no cyclical 
component in the outflow from the isolated larynx preparation. The activity 
in branch 1 from the in situ and the isolated preparations are shown together 
in Text-fig. 9. Only a part of the activity in branch 1 originates from the 
joint, and one of the difficulties in these experiments was to be reasonably 
certain that the receptors under observation were functionally part of the 


| 


Text-fig. 7. Records from a filament of branch 1 of an isolated larynx preparation. (a) and | 
(b) show the activity of three type 1 endings during rapid extension movements from full 
flexion to three-quarter extension. In record (a) some recruitment is shown, but in (5) the 


three endings begin to discharge almost simultaneously. 
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The impulses were counted in } sec periods. 


Text-fig. 8. Graph prepared from the preparation illustrated in Text-fig. 7 to show the adaptation 
of the sensory ending while the joint is motionless following the rapid extension movement. 
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joint. For this reason the preparation of a large number of single fibre 
dissections from branch 1 was not resorted to: though this method is of great 
value when a purely articular nerve is being examined. It was found to be 
more rewarding to study the activity in the intra-laryngeal branches of 
branch 1, where the destination of the fibres was more certain. Some fibres 
were found in branch 1 which appeared to be connected to slowly adapting 
endings stimulated by expiration, possibly by the bulging of some part of the 
glottis. Aldaya (1936) noted an augmentation in the discharge in the main 
trunk of the superior laryngeal nerve of the rabbit when air was blown through 
the larynx from a cannula in the trachea, and concluded that there were 
endings present which were stimulated by distension of the laryngeal cavity. 


Text-fig. 9. A, the respiratory movements of the anaesthetized animal during eupnoea. B, the 
sensory outflow in branch 1. As will be seen there was only a slight change in the volume of 
sensory nerve impulses during the respiratory cycle. C, the sensory outflow from branch 1 
of an isolated larynx preparation. Elevation of the respiration signal indicates inspiration. 


Activity in the intralaryngeal branches of branch 1. Branch 1 passes through 
the inferior constrictor muscle and penetrates the thyroid cartilage. It then 
gives off two or three slender filaments, but during quiet breathing there is 
little activity in these. During swallowing movements a short outburst of 
sensory impulses occurs. Fibres are present which serve touch endings in the 
mucosa over the arytenoid cartilages and slowly adapting tension endings, but 
the site of the latter was not discovered. Slender branches are then given off 
to the aryepiglottic folds; these innervate touch endings and taste buds in the 
mucosa of the folds and there was some evidence that stretch-sensitive endings 
are present also. 

A small branch is then given off to the joint and the remainder of the fibres 
form a bundle which passes between the dorsal mucosa of the epiglottis and 
the cartilage. This bundle serves the dense sensory innervation of the dorsal 
mucosa but may contain recurrent fibres to endings on the connective tissue 
band which links the cuneiform cartilage to the epiglottis. The small branch 
to the joint contains most of the proprioceptor fibres. 
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The action of the epiglottic muscle. This muscle, which is the functional 
equivalent of the hyoepiglottic muscle, contracts rhythmically with respira- 
tion. The contraction phase occurs during the early part of inspiration; in 
certain types of respiration it may begin to contract before expiration is com- 
plete. The anatomy of the epiglottic and hyoepiglottic muscles (supplied by 
the hypoglossal nerve) is described by Negus (1949, p. 136) and Sisson & 
Grossman (1950). Text-fig. 10 shows a recording of the electromyogram of the 
epiglottic muscle together with the respiratory movements of the xiphisternal 
region. The contraction of the muscle tends to extend the joint but the move- 
ment which occurs is usually small, as the ventral surface of the epiglottis is 
pressed against the soft palate. It is convenient to regard the epiglottis as 
a hinged lid over the orifice of the buccal cavity. When the epiglottic muscle 
contracts the lid is closed more firmly. A clue to the purpose of this con- 
traction was provided in an experiment in which the muscle was detached 


Text-fig. 10. Recordings to show the time relationship between the contraction of the epiglottic 
muscle and the respiratory movements. A, respiration indicator, ascent of the line indicates 


inspiration. B, the electromyogram of the epiglottic muscle. It will be seen that the muscle 
contracts before and during inspiration. 


from the epiglottis and the ventral surface of the latter observed through 
a window cut in the mandible. It was then seen that during inspiration the 
epiglottis lost contact with the soft palate and allowed air to enter the 
pharynx through the mouth. This does not normally occur. The opening 
(flexion) was presumably caused by the lowered air pressure in the pharynx 


during inspiration. During dyspnoea the contraction of the muscle is increased ~ 


in vigour and, of course, acts against an increased tendency for the epiglottic 
lid to be pushed open. 

The effect of contraction of the epiglottic muscle on the joint proprioceptors. 
Since contraction of the muscle causes extension of the joint it is to be expected 
that it will initiate or increase the discharge of type 1 receptors and alter the 
frequency of type 2 receptors. Simultaneous recordings were made of the 
electromyogram of the epiglottic muscle and nerve action potentials in fila- 
ments dissected from branch 1. An example of this is given in Text-fig. 11, 
and it will be seen that two sensory units discharged only during the contraction 
of the muscle (one at 40 imp./sec and the other at 50-60 imp./sec). Two other 
units discharged continuously throughout but the frequency of one is raised 
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during the contraction period from 20 to about 100 imp./sec and the effect on 
the other is obscured. To ensure that these effects were correctly attributed 
to the epiglottic muscle another type of experiment was performed. Both the 
recurrent laryngeal nerves were cut and a thread tied to the tendon of the 
epiglottic muscle but without detaching it from the epiglottis. The movements 


Text-fig. 11. A, electromyogram of the epiglottic muscle. B, nerve action potentials in a sm all 


filament of branch 1. There are four active proprioceptor fibres present. Two of these discharge 
during the contraction of the muscle, the other two discharge throughout the record. The 
frequency of one of the continuously discharging fibres rises during the contraction phase, 
the effect on the other is obscured. 


A 


0-2 sec 4 
Cc 
Text-fig. 12. A, indicates the position of a thread attached to the tendon of the epiglottic 
muscle, Descent of the line indicates joint extension. A tension of 2 g was applied at point C. 
B, nerve impulses in a single fibre preparation from branch 1. The three impulse trains 
corresponded to the contraction of the epiglottic muscle. When the tension was applied at 
point C to simulate a sustained contraction of the muscle the trains were replaced by a slowly 


adapting discharge. 


of the thread were picked up with a piezo crystal device. A single fibre 
preparation bearing trains of impulses synchronized to the contraction of the 
epiglottic muscle was dissected out. Text-fig. 12 shows three such trains of 
5 and 6 impulses. A tension of 2 g was applied to the thread so as to simulate 
a sustained contraction of the muscle. It will be seen that the impulse trains 
were immediately replaced by a slowly adapting discharge; the frequency 
after 1 sec was 30 imp./sec. 


Histological results 
The three zones which by functional tests had been found to contain stretch 
receptors were examined histologically. In each case myelinated fibres were 
found to end on connective tissue. The form of the endings depended on the 


site. 
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Endings on the perichondrium of the cuneiform cartilage. The fibre usually 
broke up once or twice into short myelinated limbs, and these after a final 
node gave rise to a small zone of inter-connected plates and varicosities of 
neuroplasm. These plates were applied to the perichondrium. The ending is 
illustrated in Pl. 1, fig. 2. 

Endings in the aryepiglottic ligament. The parent fibre usually broke up 
once or twice close to the ligament and the short myelinated limbs formed 
gave rise to a number of very fine non-myelinated fibres which penetrated 
into the crevices between the parallel connective tissue fibres of the ligament. 
The fibres usually appeared wavy or coiled. This ending is illustrated in 
Pl. 1, fig. 1. 

Endings in the connective tissue band between the cuneiform and epiglottic 
cartilages. These were difficult to see because of the dense innervation of the 
overlying mucosa. No acceptable photographs were obtained. Where they 
were visible they resembled the endings in the aryepiglottic ligament. 


DISCUSSION 

Since previous electrophysiological work on joint proprioception has been 
centred on the knee joint, it is of interest to find a functionally similar sensory 
ending in what is anatomically a very different articulation. The func- 
tional properties of the laryngeal ending, as disclosed by the admittedly 
unstandardized stimuli used in this work, have the characteristic features 
of the knee-joint endings, namely they cease to discharge abruptly if the 
frequency falls to about 10 imp./sec, but above this frequency their adaptation 
rate is slow and they are capable of discharging regularly spaced impulses 
over long periods of time. They are sensitive to the stretching of the tissue on, 
or in which they are mounted, and can discharge when powerfully stimulated 
at more than 200imp./sec. They are very sensitive to direct mechanical 
stimulation, as is produced when the site of the endings is probed. Gardner 
(1944) reported the sensitivity of the endings in the posterior capsule of the 
cat’s knee joint to localized pressure. 

With these properties in mind, it seems unlikely that the slowly adapting 
endings of the cat’s toe, originally described by Adrian & Umrath (1929) and 
recently re-examined by Gray & Matthews (1951) are in the same category. 
The latter authors show records of an ending discharging irregularly at 
3 imp./sec and found it relatively insensitive to direct mechanical stimulation. 
Indeed it is doubtful if sensitivity to joint movement or position is more than 
accidental since Adrian & Umrath (1929) reported that when the toe was put 
in a position of extreme flexion or extension and held there, occasional 
impulses continued to be discharged for a few seconds but eventually all 
activity ceased. This suggests that the ending, which is slowly adapting, had 
been subjected to a transient stimulation. One of the features of the knee- and 


+ 


las 
st 
jo 


a 

t 
| 
| : 

; A. 

4 


EPIGLOTTAL J OINT PROPRIOCEPTORS 521 


laryngeal-jomt proprioceptors is that they are mounted on anatomical 
structures whose mechanical distortion depends on joint position, i.e. if the 
joint is motionless the distortion of the structure is unchanging too. 

The use of the isolated preparation settled many difficulties. In earlier 
experiments it was not possible to decide the roles played by the extrinsic 
and intrinsic muscles, or indeed whether some of the active fibres observed in 
the superior laryngeal nerve did not, in fact, arise in the extrinsic muscles. 
The fact that proprioceptive discharge patterns could be obtained from the 
isolated joint which were similar to those obtained from the in situ preparation 
was regarded as good evidence that the essential proprioceptive mechanism lay 
in the joint region. Also, since most of the isolated preparations came from 
the corpses of animals not injected with urethane, the anaesthetic could have 
had little influence. 

The observation that the proprioceptors were stretch-sensitive endings 
mounted on connective tissue elements differentially distorted by joint move- 
ment, e.g. during flexion the cuneiform system is relaxed and the aryepiglottic — 
ligament is stretched, is paralleled by the observation that sensory elements 
are situated on the medial ligament of the knee (which is stretched during 
extension) and the observation of Boyd & Roberts (1953) of a nerve prepara- 
tion containing two active fibres, one of which increased in frequency whilst 
the other decreased in frequency during a joint movement. Whether it will be 
possible to make a mechanical analysis of the distortion which occurs in such 
an organ as the posterior capsule of the knee is conjectural. 

The dispersal of the thresholds of the proprioceptors is well shown in 
records both from the isolated and in situ preparation. The distribution of 
ares of joint position over which individual endings are sensitive may be of 
no significance but it is easy to see how such an arrangement could be the 
basis of a system signalling joint position with great accuracy. It is not 
difficult to find reasons why an accurate proprioceptive system is required at 
this particular joint. The function of the epiglottis is much more restricted 
in man than in the rat. In a large number of mammals the epiglottis can seal 
the pharyngeal end of the mouth cavity either by contact with the buccal 
surface of the soft palate as in the dog or with the nasopharyngeal surface as 
in the present instance. Negus (1949, pp. 18-29) has made a study of the 
comparative anatomy and physiology of the epiglottis, and concludes that 
preservation of the sense of smell is the probable reason for the mouth-sealing 
function of the epiglottis. Presumably the rat can smell inspired air without 
interference from odours from material in the mouth, and the whole of the 
tidal air is passed through the nose. In this case the epiglottal taste-buds on 
the dorsal surface will be accessible to sapid materials in the inspired air. 
During respiration the epiglottal lid is kept closed, and any sliding movements 
between it and the soft palate will be signalled by rapidly adapting touch 
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receptors in the mucous membranes. It seems likely that the muscular effort 
required to keep the lid closed against pressure differences between the 
pharynx and mouth will vary under different conditions, and a proprioceptive 
mechanism would be necessary at the joint to provide an effective control over 
the museles acting on the larynx. During swallowing the lid opens and the 
movement must be co-ordinated with the large number of rapid muscular 
adjustments which comprise the act. An attractive opportunity exists to test 
some of the foregoing speculation since it should be possible to establish 
experimentally whether the joint proprioceptors influence the outflow to the 
epiglottic and other muscles which contract regularly with respiration in the 
anaesthetized animal. 

The histological findings support the idea that the form of the slowly 
adapting stretch receptor depends on the nature of the tissue in which it is 
embedded. A rather similar conclusion was reached in the case of the knee- 
joint endings (Andrew, 1954a). When the ending lay against the dense tissue 
of the perichondrium of the cuneiform cartilage it took the form of closely 
applied plates of neuroplasm and resembled the Golgi tendon ending. When 
the ending lay on the aryepiglottic ligament it was able to penetrate as fine 
non-myelinated fibres into the crevices between the connective tissue fibres of 


the ligament. 


SUMMARY 

1. Afferent discharges were recorded from proprioceptors located at the 
thyroepiglottic joint of the rat. 

2. An isolated larynx preparation was used to study the responses to 
position and passive movement. The responses to movements produced by 
muscular action were recorded from the anaesthetized animal. 

3. The proprioceptors were found to be slowly adapting stretch receptors 
but they were mounted on tissues that were differentially stretched during 
flexion and extension. Consequent to this, two types of response were 
recognized, one to extension only and the other to a deviation either towards 
extension or flexion from a mid-position. Locations for the endings responsible 
for the two types of response were suggested. i 

4. It was considered that the proprioceptors could give enough information 
for a central mechanism to gauge accurately the position and movement of 
the epiglottis. 

5. The laryngeal-joint proprioceptors were found to be similar in many 
respects to the previously described proprioceptors of the knee joint. 

6. Structures found to be stretch-sensitive were examined histologically 
with methylene blue. Nerve endings on connective tissue were found; the 
form of the ending appeared to depend on the type of connective tissue. 


I wish to thank Prof. G. H. Bell for his interest in this work. 
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EXPLANATION OF PLATE 
Both preparations were stained with methylene blue. 

Fig. 1. Nerve ending amongst the fibres of the aryepiglottic ligament. The connective tissue fibres 
of the ligament can be seen as wavy horizontal lines in the lower half of the photograph. The 
myelinated parent fibre has a final, darkly stained, node, close to the border of the ligament 
and then gives rise to very fine non-myelinated fibres which penetrate between the connective 
tissue of the ligament. These can be seen in a roughly coiled form. 

Fig. 2. Nerve ending on the perichondrium of the cuneiform cartilage. The perichondrial cells 
are almost transparent but the matrix of the cartilage appears dark. The ending is in the 
form of interconnected plates and granules of neuroplasm attached to the terminal node of 


the myelinated parent fibre. The ending zone of another branch (very much out of focus) may 
be seen as a shadow in the top right corner of the photograph. 
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Although a central inhibitory action of antidromic impulses in motor-nerve 
fibres had been postulated or sought for on several occasions (Brown, 1914; 
Eccles & Sherrington, 1931; Forbes, Smith, Lambert, Caveness & Derbyshire, 
1933), it was first demonstrated by the refined experiments of Renshaw (1941), 
and has since been investigated by Lloyd (1946, 19516). There is general 
agreement that the antidromic inhibitory action resembles direct inhibition 
in the brevity of its latent period, but differs in its relatively long duration, 
40-50 msec, as against about 15 msec for direct inhibition. There is also general 
agreement that the antidromic inhibitory action is exerted preponderantly on 
motoneurones, the somas of which are located close to the somas of those being 
activated, while functional relationship is not an essential factor. 

The classical neurohistological investigations employing the Golgi technique 
revealed that the axons of nerve cells often gave off collateral branches soon 
after their origin, and there are extensive accounts of axon collaterals in the 
older literature (Kélliker, 1891; Lenhossek, 1893; Cajal, 1909). However, the 
precise mode of termination of these axon collaterals has remained obscure. 
Most of the axon collaterals of motoneurones are shown terminating in the 
ventral horn, but whether they establish synaptic connexions with motoneurones 
or with interneurones is an open question. Nevertheless, neurophysiologists 
have not hesitated to postulate functional connexions by which these axon 
collaterals would exert inhibitory or excitatory actions on motoneurones 
(Brown, 1914; Gesell, 1940; Renshaw, 1941; Holmgren & Merton, 1954). In 
particular, Renshaw (1941, Fig. 6D) depicted a motor-axon collateral with 
postulated connexions either directly to a neighbouring motoneurone, or in- 
directly through an interneurone, but he regarded such explanations of the 
antidromic inhibitory action as purely speculative. As an alternative explana- 
tion he proposed that the inhibition was caused by the polarizing effects of 
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electric currents generated by the responses of motoneurones. This explanation 
has been further developed by Brooks, Downman & Eccles (1950) and by 
Lloyd (19516), who have shown that the positive after-potential generated by 
the antidromic invasion of a motoneurone would produce currents which 
would depress adjacent motoneurones for approximately the duration of the 
observed antidromic inhibition. However, it must be questioned if such currents 
are of sufficient intensity to cause the observed inhibition (cf. Renshaw, 1941). 

In a later investigation Renshaw (1946) discovered that interneurones in 
the ventral horn discharged repetitively at high frequency in response to an 
antidromic volley in motor axons. He did not attempt to relate rigorously the 
operation of these interneurones to the above-described inhibition, but con- 
sidered that the establishment of a causal relationship would have to await 
anatomical evidence. The relationship is established in the present paper by 
recording electric potential changes in the cell bodies of individual moto- 
neurones and by demonstrating the parallel effects of different chemical sub- 
stances on the potential changes in the motoneurones on the one hand and on 
the discharges of the interneurones on the other. 

Questions of some general interest are raised by this investigation. It is 
shown that, in the inhibition of neighbouring motoneurones, electric fields 
need not be postulated to play a significant part, but instead all intercellular 
effects can be accounted for satisfactorily by synaptic processes which have 
specific chemical sensitivity. With this case eliminated as a possible instance 
of the interaction of neurones by electric fields, the probability that such fields — 
might be important in the functioning of the central nervous system is lessened. 
Another point which is raised concerns the specific type of transmission 
occurring in the synapses of this pathway. Strong evidence is produced 
indicating that at the synapses formed by the collaterals of motor axons on 
the interneurones transmission is mediated by acetylcholine. 

A preliminary report of this investigation has been published (Kccles, 
Fatt & Koketsu, 1953). 


METHOD 


The experiments have been performed on the sixth and seventh lumbar segments of the spinal 
cord of cats under light pentobarbital anaesthesia. 

The microelectrode techniques for the intracellular recording of electric potentials from moto- 
neurones and for the exploration of extracellular potential fields among groups of neurones have 
been described in recent papers (Brock, Coombs & Eccles, 1952; Eccles, Fatt, Landgren & 
Winsbury, 1954). 

The technique for administering solutions of drugs to the lower lumbar region of the spinal 
cord by injection into its arterial blood supply resembles that used by Holmstedt & Skoglund 
(1953). Injections were made into the lower part of the aorta. All the main vessels below the 
renal arteries were ligated, except the lumbar arteries which supply the spinal cord. 
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RESULTS 
A. Antidromic inhibitory post-synaptic potential 
W hen the central end of the severed motor nerve to a muscle is stimulated and 
the appropriate dorsal roots are cut, only the antidromic volley in the motor- 


nerve fibres is able to enter the spinal cord. The most obvious effect of this — 


volley is to generate action potentials in the central parts of those moto- 
neurones whose axons are excited. In addition to this antidromic activation, 
the volley has another effect on motoneurones. By testing the electric potentials 
occurring in a number of motoneurones, it is revealed that this volley in- 
creases the membrane potential in a large proportion of those located at the 
segmental levels at which the antidromic volley enters the spinal cord. For 
example, in Fig. 1A-F an antidromic volley in the biceps-semitendinosus 
motor axons caused a microelectrode placed within motoneurones belonging 
to several different muscles to become more negative relative to an indifferent 
lead. When it was extracellular, virtually no potential change of this form was 
observed (cf. Figs. 1M, N and 3A—D); hence the potential change represents 
entirely a hyperpolarization of the motoneuronal membrane, and the electrical 
processes producing it must be intrinsic to this membrane. 

When the motoneurone belonged to the muscle whose motor nerve was 
stimulated, its response to the antidromic invasion would be superimposed on 
any hyperpolarizing response. However, by combining several procedures it 
has been possible to discriminate between, on the one hand, the various 
potential changes evoked in a motoneurone when it was antidromically in- 
vaded (Brock, et al, 1952, 1953), and, on the other hand, the potential change 
indentifiable with the hyperpolarizing response described above. For example, 
in Fig. 2A the stimulus to the motor nerve was adjusted so that it was just- 
threshold for the motor axon belonging to the motoneurone that was impaled 
by the microelectrode (cf. also Fig. 1A). About one-third of the stimuli 
excited this axon (response a) and two-thirds failed (response b). The difference 
between responses a and b may be assumed to give the response which is 
generated in a motoneurone by an impulse in its axon. The response so cal- 
culated is seen in Fig. 2D (continuous line) to have the characteristic features 
of the after-potentials of a motoneurone. Fig. 2B (response c) further shows 
that, on strengthening the stimulus to maximum for the motor nerve, there 
was an additional hyperpolarization above that observed for the just-threshold 
response. As a first approximation it may be assumed that the difference 
between response c and that attributable to antidromic invasion of the moto- 
neurone (a— 6), i.e. (c—(a—b)), gives the total hyperpolarizing response of the 
type observed when stimulating motor nerves other than that nerve con- 
taining the axon of the cell under observation (dotted line, Fig. 2D). The steep 
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) Fig. 1. Potentials generated in a motoneurone by an antidromic volley in motor-nerve fibres and 

recorded between an intracellular electrode and an indifferent electrode. Downward deflexions 
signal increasing intracellular negativity. Each record is made by the superposition of about 
| forty faint traces so as to reject random noise as far as possible. This procedure has been 


adopted for all the illustrated recordings from motoneurones except Fig. 4 D-H and Fig. 17 F. 
In A, C, E, F, H and N accompanying records show spike potentials recorded simultaneously 
from the dorso-lateral surface of the spinal cord. Negativity relative to the indifferent 
electrode is downwards. A to F show responses evoked in six motoneurones of different 
function by a maximum antidromic volley in biceps di motor axons. The moto- 
neurones are those supplying biceps itendinosus, semimembranosus, plantaris, flexor 
digitorum longus, deep peroneal, and gastrocnemius muscles respectively. Time scale below E 
. * gives msec for A, C, D and E; time scale below F gives msec for F. For G—L microelectrode 
| was in a biceps itendin motoneurone and antidromic volleys were in motor fibres of 


semimembranogus, biceps itendi , gastrocnemius, plantaris, flexor digitorum longus 
and deep peroneal nerves respectively. For M and N the antidromic volley was in gastro- 
cnemius motor fibres and the microelectrode in a flexor digitorum longus motoneurone, M, 
and immediately outside it, N. Time scale below L gives msec for G-N. In A and H the 
stimulus applied to the motor nerve was at threshold strength for exciting the axon of the 
motoneurone under observation. The shorter perpendicular line gives 1 mV potential scale 
for C, F, M and N; the longer line gives 5 mV for the remaining records. 
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spike potential curves of the a and c responses make the calculated curve 
indeterminate for the first 3 msec. 

Since it cannot be assumed that the hyperpolarization is accurately summed 
with the after-potentials following antidromic invasion of a motoneurone, it 
was fortunate that in some motoneurones the antidromic impulse was blocked 
downstream from the motoneurone, probably at the medullated-non- 
medullated junction (cf. Brock et al. 1953). Under such conditions only a small 


0 10 20 


Fig. 2. Motoneurone potentials and accompanying surface potentials evoked and recorded as in 
Fig. 1. A and B show potentials recorded in a biceps-semitendi motoneurone by an 
antidromic volley set up in biceps-semitendi motor fibres (A) by a stimulus which is 
just-threshold for the axon of the motoneurone and (B) by a maximum stimulus. Plotted 
responses of A and B are drawn in C and the subtracted curves in D (see text). Zero time 
signals the arrival of the antidromic volley at the spinal cord. E to G are the responses of a 
semimembranosus motoneurone to an antidromic volley in semimembranosus axons. For F 
the stimulus was just-threshold for the axon of that motoneurone, while in E it was below 
threshold and in G the stimulus was maximum for all motor fibres. Small spike evoked by 
the antidromic impulse is labelled M in F and G. Time scale in 10 msec is drawn for each 
series; potential scale is 5 mV. 


spike with no detectable after-potential was recorded by a microelectrode in 
the motoneurone whose axon was stimulated. For example, in Fig. 2F a 
stimulus strength was chosen so that the motor axon was not excited at every 
trial. The only indication that the axon was excited is the small spike (M) that 
was evoked in about half the superimposed responses. Following this spike 
there was accurate superimposition of all the responses with no trace of the two 
distinct types of responses a and 6 as seen in Figs. 1A and 2A. Thus in the 
three records (Fig. 2E, F, G), the hyperpolarization was recorded free from 
complication by after-potentials. Our many series of observation of this type 
(cf. Figs. 1 H, 3H and I, 4A, 17 A) have served to establish that, apart from the 
response caused by antidromic invasion of a motoneurone, the impulse in a 
motor axon has no special hyperpolarizing action on the motoneurone to which 
this axon belongs. 


Fig. 1G—L shows typically that a hyperpolarization is usually evoked in 
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any one motoneurone by antidromic volleys in the motor axons supplying 
several different muscles of diverse functions. The complete results of our in- 
vestigations on motoneurones in the seventh lumbar segment have been 
assembled in Table 1. Usually large hyperpolarizations have been evoked by 
volleys in the motor nerve containing the axon of the motoneurone being 
studied, e.g. from semimembranosus to semimembranosus in Table 1. Closely 
allied groups of motoneurones such as plantaris and gastrocnemius-soleus 
have exhibited similarity both in respect of the hyperpolarizing actions of 
antidromic volleys (columns 4 and 5) and the responses of motoneurones (rows 
4 and 5). However, reciprocity between the action of the antidromic volley 


TasLe 1. Mean values in mV of inhibitory post-synaptic potentials evoked in various types of 
motoneurones by antidromic volleys in various motor-nerve fibres. The neuronal types are 
arranged in rows (numbers in brackets giving numbers of the type), the nerve types in 
columns, both sets having the same identifying symbols: BST =biceps-semitendinosu 
(excluding anterior biceps); AB=anterior biceps; SM i branosus; GS =gastro- 
cnemius-soleus; P=plantaris; FDL=flexor digitorum longus; DP-=deep peroneal; 
Q =quadriceps; CVR =contralateral L, ventral root. 


Neuronal r 
type AB SM Gs P FDL DP Q CVR 
BST (13) 0-55 — 0-32 0-18 0-03 0-03 0-16 0 0 
AB (3) 0-15 — 2-37 0-42 0-12 0 0-02 0 0 
SM (4) 1-26 — 1-44 0-62 0-28 0-05 0-21 0 0 
GS (2) 0-30 — 0 0-50 0-43 0-17 0 0 0 
P (5) 0-62 — 0-04 1-31 0-54 0-29 0-08 0 0 
FDL (5) 0-52 — 0-15 1-26 0-55 0-18 0 0 0 
DP (4) 0-19 _ 1-36 0 0 0-09 2-27 0-22 O 


and the motoneuronal response was not a general rule, as, for example, may 
be seen with the gastrocnemius-soleus antidromic volley effectively hyper- 
polarizing semimembranosus motoneurones, while gastrocnemius-soleus 
motoneurones were unaffected by a semimembranosus antidromic volley. A 
failure of reciprocity is also seen in Table 1 with plantaris and biceps-semi- 
tendinosus. It is certainly established that the hyperpolarizing action of an 
antidromic volley in a muscle nerve is exerted on motoneurones of diverse 
function—flexors or extensors at the various joints of a limb. No meaningful 
co-ordination pattern can be detected, the only determining factor appearing 
to be proximity in the spinal cord (cf. Renshaw, 1941). When the antidromic 
volley entered the spinal cord about one segment more rostral than the moto- 
neurones, as with a quadriceps antidromic volley, Table 1 reveals that the only 
hyperpolarization that was observed in the motoneurones of the L, segment 
occurred with two deep peroneal motoneurones in the extreme rostral part of 
L, segment. Probably the hyperpolarizing action of an antidromic volley 
extends along the spinal cord for no more than half a segment from the zone 
of entry of the volley, while large hyperpolarizing actions are exerted only on 
motoneurones at the same segmental level. No hyperpolarization has ever 
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been observed when the antidromic volley was in a contralateral ventral root, 
i.e. the effect is strictly ipsilateral. 

In measuring the latent period of the hyperpolarization it was important to 
withdraw the microelectrode from the motoneurone and take an extracellular 
record immediately after the intracellular record. Two such series are shown 


A 


Fig. 3. Motoneurone potentials and accompanying surface potentials evoked and recorded as 
in Fig. 1. A was obtained with the microelectrode in a deep peroneal motoneurone, and in B 
after having withdrawn the microelectrode to an extracellular position. The first arrow marks 
the time of entry of the antidromic volley into the spinal cord, while the second gives the 
onset of the hyperpolarization. C and D were recorded as in A and B, but from a semimem- 
branosus motoneurone. E-H are from an unidentified motoneurone showing the potentials 
generated by antidromic volleys of progressively increasing size in the seventh lumbar ventral 
root, H being maximum. I is the same as H, but at slower sweep speed. Time scale below B 
is in msec for A~D; above E in msec for E—H, and below I in 10 msec for I. Perpendicular 
scales give 1 mV for corresponding records. 


in Fig. 3A, B and C, D respectively. In the A, B series the extracellular record 
shows very little potential change and the onset of the hyperpolarization is 
easily determinable (second arrow), while the time of entry of the antidromic 
volley into the spinal cord is given by the crest of the positive (upward) spike 
as recorded by the surface electrode (first arrow). The latent period as measured 
between the two arrows was about 1-6 msec. In the C, D series the extra- 
cellular record shows an initial series of waves resembling those recorded intra- 
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| cellularly, and the two records must. be carefully compared in order to deter- 
mine where they start to diverge (second arrow). The latent period so measured 

between the two arrows was 1-25 msec. In our experiments the extreme range 
of measured latent periods for the hyperpolarization was 1-1-1-8 msec, but 
probably still longer values would obtain for very small hyperpolarizations. 

The duration of the rising phase of the hyperpolarization has varied con- 
f siderably, from 3 to almost 10 msec, according as the hyperpolarization was 

small or large respectively. This effect is best seen in series such as Fig. 3E, 
F, G, H, where the size of the antidromic volley has been progressively in- 
‘| creased (cf. also Fig. 2E, F, G). On careful examination of the rising phases of 
the large hyperpolarizations it is seen to be formed by superposition of a series 
of wave-like additions at a frequency of about 1000/sec (cf. Figs. 2G, 3H and 
) 4A). Towards and beyond the summit this rhythmic composition gradually 
became obscured. The origin of this repetitive wave, together with the altera- 
tion of latency with response size, will be considered in a later section. 

It has been shown that a direct inhibitory volley generates a hyperpolariza- 
tion of motoneurones that has a latent period sufficiently short and a time 
course sufficiently long for it to be causally related to the direct inhibition 
| (Eccles, 1953, p. 158; Eccles, Fatt & Landgren, 1954); hence this hyper- 
| polarization has been called the inhibitory post-synaptic potential (IPSP). It 
4, remains now to inquire: (i) whether the hyperpolarization that an antidromic 
volley produces in motoneurones has the latent period and time course that 
would be expected if it were causally related to the antidromic inhibitory action 
discovered by Renshaw (1941); and (ii) whether the antidromic hyperpolariza- 
tion is generated by a process similar to that which generates the IPSP of 
direct inhibition. The general time course of large antidromic hyperpolarizations 
| as, for example, in Figs. 2G and 31, corresponds closely to the antidromic 


inhibitory curves of Renshaw (1941) and Lloyd (1946, 19516) with summits at 
about 10 msec and total durations usually of about 40-50 msec. Comparison 
: of the respective latent periods is complicated on account of the fairly wide 
range of synaptic delays for responses of the various motoneurones giving the 
testing monosynaptic reflex discharge. Renshaw (1941) concluded that in- 
hibition was first induced when an antidromic volley arrived at the moto- 
neurones approximately simultaneously with the afferent impulses that were 
evoking the testing monosynaptic reflex. Since the longest latent period for 
the reflex discharge was considerably greater than 1 msec, it may be con- 
rts cluded that the observed latent period for the hyperpolarization (1-1-1-8 msec) 
is just brief enough to account for the observed latent period of the inhibition. 
The relative timing is best appreciated if attention is focused on the time of the 
‘ testing reflex discharge, for inhibition can occur so long as the reflex discharge 
of longest latency is not antecedent to the onset of the hyperpolarization 
(Eccles, 1953; Eccles, Fatt & Landgren, 1954). 
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Various experimental procedures have established that an identical process 
gives the antidromic hyperpolarization and the other inhibitory post-synaptic 
potentials. Two simple tests are illustrated in Fig. 4. Exactly as would be 
expected for an IPSP (Coombs, Eccles & Fatt, 1953), introducing chloride ions 
into a motoneurone causes the antidromic hyperpolarization (Fig. 4A) to be 
converted to a depolarization (Fig. 4B), which may become very large. This 


D 


Fig. 4 Ato C. Potentials generated in biceps itendinosus motoneurone by an antidromic 


volley in the seventh lumbar ventral root. Note initial M spike. Chloride is injected into the 
motoneurone by passing 2-5 x 10-* A for 120 sec through the microelectrode, thereby changing 
the hyperpolarization of A to the depolarization of B. C shows extracellular potential re- 


corded on withdrawal of microelectrode from the motoneurone. Time is in msec. Potential 
scale gives 5 mV. 


Fig. 4 D to H. The effect of strychnine in depressing a potential which had been previously 
shortened by the injection of dihydro-f-erythroidine hydrobromide (cf. Fig. 17C, D). Single 
traces only are recorded. The potentials are generated in a quadriceps motoneurone by an 
antidromic volley in the sixth lumbar ventral root. 0-1 mg strychnine hydrochloride/kg body 
weight was injected intravenously between D and E. E to G were recorded at 10, 20 and 
30 sec after the injection. Maximum depression was attained at G. H shows the maximum 


depression after a further 0-1 mg/kg. Time is in 10 msec. Potential scale is the same as for 
A-C. 


large inverted potential shows very well the constituent rhythm on its rising 
phase and summit. Further evidence relating to the synaptic origin of the 
antidromic inhibitory potential is given by the depressant action of strychnine. 
For example, intravenous injection of 0-1 mg strychnine hydrochloride per kg 
caused the antidromic hyperpolarization rapidly to decrease from the initial 
size (Fig. 4D) to about half (Fig. 4G), while an additional similar dose caused 
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a further diminution (Fig. 4H). The same relative diminution is observed with 
the direct IPSP, and provides a satisfactory explanation of the depression of 
inhibitory action by strychnine (Bradley, Easton & Eccles, 1953). The identity 
of the antidromic hyperpolarization and an IPSP is also indicated by the 
similar changes produced in them when the membrane potential of the moto- 
neurone has been changed over a wide range by extrinsic currents (Coombs 
et al. 1953). 

These investigations lead to the conclusion that the antidromic hyper- 
polarization is produced by ionic movements across the motoneuronal mem- 
brane which are identical with those giving the IPSP of direct inhibition. It is 
probable that strychnine depresses direct inhibition by blocking the post- 
synaptic receptors for the inhibitory transmitting substance (Bradley et al. 
1953); hence the similar depressant action of strychnine on antidromic hyper- 
polarization indicates that it is caused by mediation of the same transmitting 
substance. It is therefore justifiable to identify the antidromic hyper- 
polarization as a true IPSP and to attribute it to the action of a synaptic 
mechanism similar to that giving the direct IPSP. It remains now to determine 
the pathway by which antidromic impulses activate inhibitory synapses on 
motoneurones. 

B. Interneuronal discharges 

On account of the paucity of experimental evidence Renshaw (1946) re- 
frained from concluding that the antidromic inhibitory action was mediated 
by the repetitive interneuronal discharges which he found to be evoked in the 
ventral horn by a volley in motor axons. Important additional evidence for 
this causal relationship is provided by the rhythmic steps on the rising phase 
of large antidromic IPSP’s (cf. Figs. 2G, 3H and 4A, B), which suggests that 
the antidromic IPSP is produced by a repetitive synaptic bombardment. The 
frequency of this wave is approximately the same as the interneuronal dis- 
charges observed by Renshaw. In addition to confirming almost all of 
Renshaw’s findings, a detailed study of the interneuronal discharges has 
established that these interneurones form a specialized group mediating the 
inhibitory path from motor axons. They may appropriately be given the dis- 
tinguishing title of ‘Renshaw cells’. 

Convergence of motor impulses on to Renshaw cells. Usually antidromic 
impulses in axons of several motor nerves exert an excitatory action on any 
one Renshaw cell. For example in Fig. 5A—E maximum volleys in biceps- 
semitendinosus, gastrocnemius, flexor digitorum longus, plantaris and super- 
ficial peroneal nerves evoked respectively 14, 5, 3, 2 and 1 discharges from the 
same Renshaw cell (note characteristic shape of spike), while in Fig. 5F-H 
volleys in semimembranosus, tibialis posterior and deep peroneal nerves were 
ineffective. The slower record (Fig. 51) shows that the BST volley actually 
evoked 22 discharges from the Renshaw cell over a total duration of about 
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40 msec. It has invariably been observed that the frequency of discharge is 
highest for the first impulses and progressively falls thereafter. Fig. 5K-Q 
shows the responses of another Renshaw cell to various sizes of an antidromic 
volley. These sample records illustrate seven distinct gradations of response 


Fig. 5 A to E show discharges of a Renshaw cell generated by antidromic volleys in various motor 
nerves as described in text. The surface responses are also shown in A with the exception of 
the initial diphasic spike. F-H show the failure of antidromic volleys in three other motor 
nerves. Usually the diphasic antidromic response of the motoneurones can be seen 
the first Renshaw cell spike. Time is in msec. Potential scale gives 1-0mV. I and J show 
responses to the same volley as A and D respectively, but at one third the sweep speed. 
K-Q give specimen records of seven different intensities of response evoked in another 
Renshaw cell by a progressively increasing antidromic volley. The initial high frequency 


response cannot be resolved at the sweep speed employed. Time is in 10 mseo, Potential scale 
gives 1-0 mV. 


that were revealed by some 90 records with gradually increasing volley size. 
Several such gradations were always observable with intense Renshaw cell 
responses. Thus it may be concluded that the Renshaw cell illustrated in 
Fig. 5A-J was converged upon by impulses in probably as many as ten 
different axons distributed over at least five motor nerves. It was always 
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possible to demonstrate the convergence of impulses in several different motor 
axons upon any Renshaw cell. 

Latent period, frequency and duration of discharge. The Renshaw cell dis- 
charge illustrated in Fig. 6A is shown at higher amplification and faster speed 
in Fig. 6K in order to allow accurate measurement of latent period and initial 
frequency. When measured from the arrival of the antidromic volley at the 
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j Fig. 6. B-E show responses evoked in a Renshaw cell by antidromic volleys of progressively in- 
creasing sizes in the seventh lumbar ventral root and recorded at a fast sweep speed. A is at 
a much slower speed. Note the diphasic motoneuronal response preceding the first Renshaw 
cell spike, Latent periods are measured between the two arrows. With A and E the motor 
axon volley is maximum. Time is in msec. Potential scale gives 1 mV. F—H are the responses 
evoked in another Renshaw cell by a maximum volley in seventh lumbar ventral root and 
| recorded intracellularly, upward deflexion indicating positivity of microelectrode relative to 


the indifferent electrode, i.e. it is the reverse of other figures in which the Renshaw cell dis- 
charges have been recorded extracellularly. With F the surface response is also shown in- 
verted. Three different sweep speeds are used as shown by the msec time scales for F and H, 
G scale being as for A. Smaller responses in H are due to progressive failure of cell. Latent 
period is measured between the two arrows, the initial motoneuronal response appearing 
inverted, Note that the second of the four Renshaw cell responses is so early that it is greatly 
reduced in size. Potential scale gives 5mV. I and J show potentials recorded inside (cf. 

F-H) and just outside another Renshaw cell at much slower sweep speed (see time scale in 
| msec). Potential scale is the same as for A~E. Further description is given in the text. 
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spinal cord (first arrow), the latent period of onset of the first discharge was 
0-62 msec, while the subsequent intervals between discharges were 0-62, 0-76 
and 0-88 msec respectively. Progressive diminution of the antidromic volley 
size in Fig. 6 E—B lengthened both the latent period and the intervals between 
discharges. The latent period in Fig. 6B was 1-16 msec. Still longer latent 
periods have been observed with antidromic volleys that just evoked a dis- 
charge. For example, in Fig. 5D it was 1-4 msec for the first plantaris response 
and it was almost 1-9 msec for the single response evoked by the superficial 
peroneal volley (Fig. 5E), which is one of the longest latent periods that we 
have observed, and considerably longer than the longest value illustrated by 
Renshaw (about 1-5 msec). In general, when an antidromic volley evoked a 
fast repetitive response of Renshaw cells, the latent period of the first response 
was between 0-6 and 0-7 msec, values which are in precise agreement with those 
reported by Renshaw (1946). An exceptionally brief latent period of 0-54 msec 
was observed with a Renshaw cell into which a microelectrode had been inserted 
(Fig. 6H), an effect which presumably is attributable to the depolarizing in- 
fluence of the injury. Usually the latent period was so brief that the first 
Renshaw cell spike arose during the declining phase of the soma spike potential 
(cf. Figs. 5A, 11 F). 

Likewise the highest frequencies that we have observed are in good agree- 
ment with Renshaw’s value of about 1500/sec. It was invariably observed that 
the shortest interval was between the first two responses, there being a pro- 
gressive lengthening of interval with each successive response (Figs. 5A, I, 
6A, G, 11A, F, 134, B), so that after ten responses the frequency was always 
well below 1000/sec. At such high initial frequencies the successive spikes 
were, as expected, subnormal in size (cf. Figs. 5A, 1, 11A, F,13A, B). Usually 
the decline in frequency was fairly regular, but there was often wide variation 
in the intervals between the last few responses, as, for example, may be seen 
in the last response to the gastrocnemius volley in Fig. 5B occurring after an 
interval of 7-5 msec, and occasionally intervals longer than 20 msec were 
observed in later observations on this same Renshaw cell, as is illustrated in 
Fig. 5J, where a third response occurred more than 30 msec after the first two. 
There has been great variability in the total duration of the Renshaw cell dis- 
charge generated by a single antidromic volley. However, after a powerful 
excitatory action generating a high-frequency discharge, the discharge usually 
continued for 30-50 msec, but exceptionally durations in excess of 100 msec 
have been observed (Fig. 5Q). 

Usually a penetrating microelectrode kills a Renshaw cell almost instan- 
taneously, there being a brief high-frequency response at the instant of 
penetration. Exceptionally it has been possible to record intracellularly from 
Renshaw cells for a brief period as in Fig. 6F-I. However, there was always 
evidence of severe injury of such Renshaw cells as revealed both by the very 
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low voltage of the responses and by their rapid deterioration. Such recording 
has been of interest solely because it gives the time courses of the background 
synaptic depolarization and of the spike responses generated thereby. In 
Fig. 6F, G@ the spikes are seen to arise from a background depolarization of 
rather less than 1mV. However, the intracellular recording was very imperfect 
as the spike potentials were less than 10 mV. On a few rare occasions the 
potential wave form illustrated in Fig. 61 has been generated by an antidromic 
volley immediately after penetration of a Renshaw cell. Apparently, after an 
initial spike discharge, a large depolarizing potential gradually decays over 
more than 40 msec. This is precisely the time course of the depolarization that 
would be expected to evoke the repetitive Renshaw cell discharges with their 
progressive decline from a high initial frequency. 

Anatomical pathway for Renshaw cell activation. It has been suggested by 
Toennies & Jung (1948), Toennies (1949) and Jung (1953) that Renshaw cells 
are activated by the reversed synaptic action of antidromic impulses that pro- 
pagate to the terminals of the dendrites of the motoneurones. On the contrary, 
Renshaw (1946) suggested as a possibility that the antidromic impulses would 
invade the motor-axon collaterals and so might excite the Renshaw cells 
synaptically. He suggested, alternatively, synaptic excitation by ‘hypothetical 
afferent fibres in the ventral roots’. Actually his own observations would 
exclude this last suggestion, for he observed that the same interneurone could 
be activated secondarily to a reflex discharge as well as by an antidromic 
volley, an observation which has repeatedly been confirmed in our experiments. 
Furthermore, the range of stimulus thresholds of the fibres activating Renshaw 
cells has conformed precisely with the thresholds for large motor axons (cf. 
Figs. 5K-Q, 6 B-E). No additional excitatory effect on Renshaw cells has been 
detectable with stimuli strengthened sufficiently to excite the small motor 
axons. 

It is possible to distinguish experimentally between the two remaining 
alternative mechanisms for activation of Renshaw cells. Normally only a 
fraction of the dendrites of a population of motoneurones is invaded by an 
antidromic volley, and this invaded fraction can be greatly increased by the 
depolarization produced by excitatory synaptic action (Renshaw, 1942, 
Lloyd, 1943; Brooks & Eccles, 1947; Brock et al. 1953). Thus, if Renshaw cells 
are activated by impulses in the motoneuronal dendrites, facilitation of the 
antidromic invasion of the dendrites by a suitably timed monosynaptic 
excitatory volley should effectively increase the Renshaw cell response to a 
given antidromic volley. On the other hand, the antidromic invasion of motor- 
axon collaterals should not be appreciably enhanced by a monosynaptic 
excitatory volley, and hence this volley should cause no modification of the 
Renshaw cell discharge. It was important to avoid a complication that 
occurred when the monosynaptic excitatory volley itself caused a discharge 
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of the Renshaw cell as a consequence of the reflex discharge which it evoked. 
Fig. 7 illustrates two of the nine series of investigations, all of which showed 
that facilitation of the antidromic invasion by a monosynaptic excitatory 
volley (upper graph) had no effect on the activation of Renshaw cells by that 
antidromic volley (open and filled circles in lower graph). The control observa- 
tions were provided by the Renshaw cell discharges set up by the antidromic 
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msec 
Fig. 7. Abscisens give intervals between the artivel at the spinal cond of on efferent volley 
travelling via the dorsal roots from gastrocnemius and biceps nerves and of 


an antidromic volley in the seventh lumbar ventral root. The upper curve shows the time 
course of facilitation of antidromic invasion of motoneuronal somas and dendrites, the 
ordinates being sizes of the antidromic soma spike potentials as percentages of control size 
in the absence of a conditioning afferent volley. Each filled and open circle below plots the 
total number of impulses discharged by a Renshaw cell in response to six separate tests at 
the plotted interval between arrival of the afferent and the antidromic volleys. Control 


numbers for antidromic volleys alone are indicated by ringed values. Further description is 
given in the text. 


volley alone and by the antidromic volley when it was too early for its invasion 
to be facilitated by the monosynaptic excitatory volley (intervals of —0-61 
to +0:31 msec in Fig. 7). Each point plotted in Fig. 7 represents the aggregate 
number of Renshaw cell discharges generated in six successive tests by the 
antidromic volley either alone or in the indicated time relationship to the 
monosynaptic excitatory volley. 
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The uniformly negative results of our experiments lead to the conclusion that 
Renshaw cells are activated by antidromic impulses spreading up the motor- 
axon collaterals to terminals that make synaptic contacts with Renshaw cells. 
It may be assumed that reflexly discharged impulses from motoneurones would 


_ also spread along these axon collaterals, hence an explanation is available for 


the generation of Renshaw cell discharges by afferent volleys entering the 
spinal cord through dorsal roots. As expected, such volleys in group I afferent 
fibres are effective only when they evoke a considerable reflex discharge. 

Further physiological experiments on Renshaw cells. In his investigation on 
the interaction of two antidromic volleys, Renshaw (1946) described both 
summation and inhibition. Summation has been a regular finding in our 
experiments, and has been demonstrated with two volleys neither of which 
produced a discharge. The summation interval has been as long as 50 msec. 
When each volley alone produced a repetitive discharge, the discharge evoked 
by both volleys together was larger than either of the two individual responses, 
but less than their sum, i.e. occlusion was regularly observed. We have never 
observed that, on simultaneous combination of two antidromic volleys, one 
caused a diminution of the discharge produced by the other, i.e. we have never 
observed the inhibitory action described by Renshaw. However, a preceding 
antidromic volley has always diminished the discharge evoked by a subse- 
quent volley over intervals as long as 100 msec (cf. Renshaw, 1946, Fig. 5), 
whether the two volleys were in the same or in different nerves. 

It is a fairly general finding that, following a period of intense repetitive 
bombardment, synapses exhibit a prolonged increase in effectiveness, which 
has been called post-tetanic potentiation (Lloyd, 1949, 1952; Hagbarth & 
Naess, 1951; Eccles & Rall, 1951; Strém, 1951). Fig. 8 shows that there is 
also post-tetanic potentiation for the antidromic activation of Renshaw cells. 
Following an antidromic tetanus at 660/sec for 10 sec there is seen to be an 
increase both in the frequency and duration of the Renshaw cell discharge 
evoked by another antidromic volley in the same motor axons (Fig. 8, inset). 
The time course of the effect is plotted in Fig. 8, where the test volley was 
applied initially at about 2-5 sec intervals and later at about 4 sec intervals, 
and the total number of discharges is plotted for each test interval. The time 
course of the rise and decay of the post-tetanic potentiation resembles that 
observed for monosynaptic reflexes after a comparable conditioning tetanus 
(Lloyd, 1949; Eccles & Rall, 1951). One experimental series departed from 
the usual type illustrated in Fig. 8, the potentiation being maximum as early 
as 3 sec after the end of the tetanus, after which the potentiation declined 
much more rapidly than in Fig. 8 and after 30 sec was succeeded by a pro- 
longed depression. 

Location and orientation of Renshaw cells. Usually the first few spike potentials 
generated by discharges of Renshaw cells were superimposed on irregular 
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waves of negativity having approximately the same frequency (cf. Figs. 5A, 
10A, lower record). In fact the proximity of the microelectrode to Renshaw 
cells was signalled by the prominence of this characteristic rhythmic wave- 
form that followed immediately after the negative spike generated by anti- 
dromic invasion of the motoneurone. This decrementing rhythmic wave at 
about 1000/sec (cf. Fig. 10A, lower record) was first reported by Barakan, 
Downman & Eccles (1949) as an almost invariable sequel to the antidromic 
spike potential, and Lloyd (1951a) has also illustrated ‘wavelets’ following 
the antidromic spike potential. 


atts 
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Fig. 8. The inset figure gives specimen records of Renshaw cell discharges evoked by an anti- 
dromic volley in the seventh lumbar ventral root before and during the post-tetanic potentia- 
tion that follows conditioning by an antidromic tetanus at 660/sec for 10 sec. Time is in 
10 msec. Potential scale gives 0-5 mV. |In the main figure the time course of the post-tetanic 
potentiation is plotted. Each point gives the number of Renshaw cell discharges evoked by 
the antidromic volley at the indicated interval after the cessation of the conditioning tetanus. 
Initia] control values are plotted at the extreme left, the mean level being given by the 
broken line. The tetanic period is shown by the hatched area. 


As the microelectrode was slowly inserted through a region of the ventral 
horn rich in Renshaw cells, its passage in close proximity to several cells was 
signalled as one cell after another was seen to generate a characteristic sharp 
spike potential which rose above the background rhythmic wave as illustrated 
in Fig. 10A. Repeated observations of this nature provide convincing evidence 
that the background rhythmic wave is generated by the cumulative effects of 
discharges in a population of Renshaw cells, none of which lies sufficiently 
close to the microelectrode to contribute an independently recognizable spike. 
As indicated in Figs. 5A, 6E, 11 F and 13B, Renshaw cells that were intensely 
excited had almost identical values for the latent period of the first discharge 
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and for the intervals between the first few discharges; hence the approximate 
superposition of these first discharges to give the composite wave-form. The 
progressive decrease in amplitude of the successive waves to eventual extinc- 
tion (cf. Fig. 10A) would be expected to occur as the successive discharges of 
the various Renshaw cells gradually became more and more out of phase. 

When this Renshaw cell wave-form was systematically recorded at 0-2 mm 
intervals along a series of parallel microelectrode tracks lying 0-2 mm apart 
in the transverse plane, it was possible to construct a map (Fig. 9B) showing 
the focus for maximum response, exactly as has been done for other potential 
waves (Eccles, Fatt, Landgren & Winsbury, 1954). But, in addition, such 
systematic investigations revealed a remarkable feature, a reversal of the phase 
of the rhythmic wave. As illustrated by records along one such microelectrode 
track (Fig. 9.A), in the lateral and dorso-lateral regions of the spinal cord the 
rhythmic wave is of the same frequency but of reversed polarity to the 
rhythmic wave that is recorded in close proximity to the Renshaw cell focus 
(cf. Fig. 10 A) and generally in the ventro-medial regions, The dotted line in 
the map illustrated in Fig. 9B indicates the boundary between these two in- 
verse phases, i.e, it is the line of phase-reversal, The seventh record of Fig. 9A 
was recorded at such a region of phase-reversal, while the ninth record was 
close to the maximum for Renshaw cell activity. Lines of phase-reversal for 
the rhythmic waves have been previously plotted and closely resemble the 
line of Fig. 9B (cf. Barakan e¢ al. 1949; Figs. 1 and 10, the lines formed by 
large dots). The rhythmic wave of inverted phase is particularly large on the 
dorso-lateral surface of the spinal cord, an observation which enables investiga- 
tions to be conducted on Renshaw cell discharges without the complications 
of microelectrode technique. For example, a platinum wire electrode led the 
large potentials of Figs. 10 A (upper record) and 15A, C from the dorso-lateral 
surface of the spinal cord. | 

The phase-reversal of the rhythmic wave from the ventro-medial to the 
dorso-lateral aspect of the spinal cord gives the general orientation of the 
extracellular currents that occur during the discharges of impulses by Renshaw 
cells, It has already been seen that the discrete negative spikes generated by 
discharges from individual Renshaw cells are synchronous with the negative 
phases of the waves recorded ventro-medially, and hence with the positive 
phases of the waves recorded dorso-laterally. Thus, when Renshaw cells 
generate impulses, current flows into them from sources situated dorso- 
laterally. Presumably this current in the external circuit is flowing from the 
axons into the bodies of the Renshaw cells, i.e. the axons run dorso-laterally 
from the bodies. 

The great majority of the individually recognizable Renshaw cells have been 
situated close to the focus in the ventro-medial region of the ventral horn in 
close proximity to the paths of the emerging motor axons (cf. Balthasar, 1952). 
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9A. Potentials recorded from the seventh lumbar segment of the spinal cord in response to a 
maximum antidromic volley in the seventh lumbar ventral root. Each record is formed by 
the superposition of about 40 faint traces. The uppermost record is by a surface lead from the 
dorso-lateral surface. The remaining records are obtained at the depths indicated by short 
transverse lines along the track shown by the continuous line running dorso-ventrally in 

ig. 9B. Time is in msec. Potential scale gives 0-5 mV for all but the uppermost record, where 
it gives 0-05 mV. Upward deflexions signal negativity of recording electrode relative to the 
indifferent lead. 


9B. Drawing of a transverse section of the spinal cord. In the left half the open circle 
indicates the maximum focus of Renshaw cell activity as detected by the systematic explora- 
tion described in the text. Also shown is the electrode track along which records of Fig. 9 A 
were recorded. The dotted line separates the ventro-medial zone of Renshaw cell negativity 
from the dorso-lateral zone of Renshaw cell positivity (see text). On the right half is shown in 
schematic form the proposed nervous pathways (see details in inset) consisting of motor-axon 
collaterals, Renshaw cells and motoneurones. The Renshaw cells are located in the region from 
which most recordings from individual cells are obtained and their axons course therefrom in 
the direction that accounts for the phase-reversal of the rhythmic wave generated by their 
discharges (see text). 
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However, some have been observed more dorsally, even at the extreme dorsal 
limits of the motoneuronal area. 

When Renshaw cells gave large spike potentials, it has been possible to keep 
the same potentials under observation even when the microelectrode was 
moved over a considerable distance. For example, in the series of Fig. 10B 
the microelectrode was moved inwards 25. between each successive record. 
Actually the successive movements were only 12-5y, but it is sufficient for 
illustration to show only alternate records. The largest spike response is seen 


Fig. 10A. Simultaneous records (superposition of about forty faint traces) of potential waves 
evoked by an antidromic volley injthe seventh lumbar ventral root and recorded from the dorso- _ 
lateral surface of the cord (upper record) and in close proximity to a Renshaw cell (lower 
record). Upward deflexions signal negativity of the recording electrodes relative to the in- 
different lead. Note that on the lower record a small Renshaw cell spike is superimposed on 
each rhythmic wave, but there is a progressive increase in the variability of timing of this 
spike. Time is in msec. Same potential scale gives 1 mV for lower record and 0-1 mV for 
upper record. 

Fig. 10B. Series of records from a single Renshaw cell recorded by a microelectrode during a 
series of successive inward moves « 25u. Each record shows two spike responses at approxi- 
mately the same position. Time scale in 0-1 msec, Potential scale gives 0-5 mV. 


in the sixth record as a diphasic wave with an initial negative phase of about 
0-2 msec followed by a small but longer positive phase. Despite the background 
noise, it can be seen in all but the deepest record that there was no significant 
change in this time course over the whole range of depths, i.e. there was an initial 
sink even 1254 more superficial than the point in closest proximity to the 
Renshaw cell. With rare exceptions the time courses of the Renshaw cell spikes 
were similar to those of Fig. 10 B (cf. Renshaw, 1946). However, thisextracellular 
recording in a volume conductor gives merely the time courses of the external 


currents that flow during the discharge of impt's-s. For example, Fig. 10B 
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shows that there was a current into the body and dendrites of the Renshaw 
cell for about 0-2 msec, and then there was a small reverse current for about 
0-6 msec. On the other hand, the intracellular recording of Fig. 6F—H gives 
a reliable measure of the time course of the spike potential, which is seen to 
have a total duration of about 0-7 msec, a value rather shorter than that for 
the motoneurone (Brock et al. 1952) Presumably in Fig. 10B the initial inward 
current ceased when the discharged impulse invaded the whole cell including 
the axon, and the subsequent outward current is attributable to the more 
delayed re-polarization of the axon. The large Renshaw cell spikes of Fig. 6 A-E 
have the unusual feature of an initial positivity, which is possibly attributable 
to a small injury due to the very close proximity of the microelectrode. 
Exceptionally, also, an initial positive phase has been recorded about 100p 
dorso-laterally to the zone of largest potentials. Presumably the microelectrode 
was then close to the axon of the Renshaw cell and so recorded the initial out- 
ward currents present at that site. 

It is probable that the corresponding positive spike potentials around the 
ramifying axons of Renshaw cells were usually so small that they were lost in 
the background noise. However, as we have seen, summation of such potentials 
for the whole population of Renshaw cells may be assumed to give the rhythmic 
wave of inverted phase in the dorso-lateral region of the spinal cord. The much 
smaller voltage of this inverted wave-form (compare fifth and ninth records of 
Fig. 9A and the ten-fold difference between the voltages of two records of 
Fig. 10 A) is in accord with this explanation. 


C. Pharmacological studies on Renshaw cells 
Investigations on chemical transmission at peripheral neuro-effector 
junctions have led to the postulate that the same chemical transmitting sub- 
stance is employed at all junctions operated by a particular cell (Dale, 1934, 
1952; Feldberg, 1950, 1952). This postulate has been employed in an attempt 
to discover the central synaptic transmitter for those dorsal root fibres that by 


an axon-reflex mechanism are responsible for peripheral vasodilatation - 


(Hellauer & Umrath, 1948; Holton & Holton, 1952), but no satisfactory identi- 
fication has yet been achieved. This same postulate leads to the expectation 
that the synaptic transmitter by which motor-axon collaterals activate 
Renshaw cells is identical with that by which, at their peripheral terminals, 
the same motor-nerve fibres activate muscle fibres, i.e. even as the peripheral 
transmitter is acetylcholine, so is the central transmitter. This expectation 
has been tested pharmacologically by three classes of drugs: those that depress 
cholinergic transmission ; those that prolong it by acting as anticholinesterases ; 
and the suspected transmitter, acetylcholine. The present account will be 
restricted to those pharmacological observations that are of significance 
in establishing the cholinergic activation of Renshaw cells by motor-axon 
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collaterals. Further pharmacological investigation will be described in a later 
paper (from this laboratory). 
Depressants of cholinergic transmission. By far the most intense depression 
has been produced by dihydro-8-erythroidine. Intravenous injection of a very 
small dose (0-1 mg dihydro-8-erythroidine hydrobromide/kg) has invariably 


Fig. 11. A shows a Renshaw cell response to a maximum antidromic volley in the seventh lumbar 
ventral root. B-E show the development, as described in the text, of depression following 
the intravenous injection of 0-1 mg dihydro-f-erythroidine hydrobromide/kg body weight. 
Time scale is in 10 msec. F and G are the same series, but at a faster sweep speed, and corre- 
spond to A and E respectively. Note the first Renshaw cell spike on the declining phase of 
the soma spike potential. Time scale is in msec. H-—L show the depression of the response of 
another Renshaw cell produced by the intravenous injection of a ten-fold larger dose (1 mg/kg). 
Before the injection H and K are the responses of the same cell to maximum antidromic 
volleys in biceps di and in semimembranosus motor axons respectively, while 
I and L show the responses to these volleys obtained during maximum depression. J is 
recorded 1 hr later than I to show the small degree of recovery of the response. Time is the 
same as for G. Potential scale gives 1 mV for all records. 


had a depressant action which has reached a maximum within a few seconds 
and has persisted for hours. For example, very little depression had occurred 
in Fig. 11B 10 sec after the injection, but Fig. 11C and D at about 15 and 
20 sec after injection show the rapid onset and by 30 sec the maximum depres- 
sion was attained (Fig. 11E). Actually, as shown in the faster record (Fig. 
11G), the Renshaw cell still gave four early discharges. Careful comparison 
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with the initial control at the same sweep speed (Fig. 11 F) reveals typically 
that this small dosage of dihydro-f-erythroidine had produced absolutely no 
change in the timing of the first three responses. As illustrated in Fig. 11H 
and I, even a ten-fold larger dosage regularly failed to suppress the first two 
discharges of an intensely activated Renshaw cell, and furthermore it also 
failed to suppress the single discharge produced by a much less effective anti- 


Cc 


Fig. 12. A, B and C show spike responses of a Renshaw cell to maximum antidromic volleys in 
motor fibres of biceps-semitendi » gastrocnemius and flexor digitorum longus nerves 
respectively. D, E, F are the corresponding responses at 2 min after intravenous injection of 
1 mg p-tubocurarine chloride/kg body weight. Similarly G-J show the action of the intra- 
venous injection of 2 mg atropine sulphate/kg body weight. G and H are the responses to 


biceps-semitendinosus and gastrocnemius volleys before, and I and J after the injection. 
Time is in msec for all of the figure. Potential scale gives 1-0 mV. 


dromic volley (Fig. 11K, L). Thus it has been an invariable finding that the 
low-frequency later discharges are very sensitive to depressant drugs, while 
the initial discharges are very insensitive. The very slow recovery from such 
a large dosage is seen in Fig. 11J, where the number of discharges had in- 
creased only from 2 to 3 at 1 hr after the injection. 

The much less potent action of atropine even in very large doses (2 mg 
atropine sulphate/kg body weight) and the ineffectiveness of p-tubocurarine 
(1-0 mg p-tubocurarine chloride/kg body weight) are illustrated in Fig. 12. 
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Anticholinesterase drugs. When given by intravenous injection, eserine has 
greatly prolonged the repetitive discharges evoked by an antidromic volley, 
but has had no appreciable action on the initial period of high-frequency dis- 
charge. For example, the lengthening is shown in Fig. 13A and C, while the 
initial discharges were not significantly altered (Fig. 13B and D). The action 
of eserine has the slow onset characteristic of anticholinesterase effects. In 
Fig. 13C, 100 sec after injection of 0-2 mg eserine sulphate/kg, the discharge 
was less than 200 msec in duration, while 400 sec later (Fig. 13 E) the discharge 
was almost 600 msec in duration. However, at 1000 sec after the injection the 
duration had shortened to about 450 msec. A further injection of 0-5 mg 
eserine sulphate/kg then caused the much longer and more intense discharge of 
Fig. 13 F, which by slower recording was found to persist for at least 2 sec. Still 


Fig. 13. A and B show Renshaw cell response to a maximum antidromic volley in the seventh 
lumbar ventral root at slow and fast sweep speeds, while C and D show the respective re- 
sponses 100 sec after the intravenous injection of 0-2 mg eserine sulphate/kg body weight. 
Time scales are in 10 msec. E shows the full development of the prolonged discharge due to 
this injection, and F the further prolongation due to the injection of an additional 0-5 mg/kg. 
Time scale is in 100 msec. Potential scale gives 1-0 mV for all of the figure. 


larger doses of eserine, e.g. 1-0 mg/kg, caused a spontaneous background dis- 
charge of Renshaw cells, so it was then impossible to assess the duration of the 
discharge evoked by a single antidromic volley. In contrast to prolonging the 
response of Renshaw cells to a single volley, eserine suppressed the response to 
successive volleys in a repetitive series (cf. section D). 
Tetraethylpyrophosphate (TEPP) and the dimethylcarbamate of 3- 
hydroxy-2-dimethylaminomethylpyridine dihydrochloride (Roche, NU 2126) 
were equally as effective as eserine. Prostigmine, however, was virtually 
ineffective even in high doses (1-0 mg prostigmine bromide/kg body weight). 
Acetylcholine. Acetylcholine has been injected into the spinal cord by 
employing the intra-arterial technique (cf. Holmstedt & Skoglund, 1953) when 
the microelectrode had been inserted close to a Renshaw cell which was 
indicated by the rhythmic spike potentials evoked by an antidromic volley. 
As illustrated in Fig. 14 A some Renshaw cells were readily excited by relatively 
small injections of acetylcholine. Identification was established by the 
similarity of the spike potentials, when observed in detail at fast sweep speeds 
(Fig. 14G, H), to those generated by an antidromic volley (Fig. 14F). The 
double discharges seen in Fig. 14 A, B, G were an unusual feature. The threshold 
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for the cell illustrated in Fig. 14A was 8yug acetylcholine chloride. Larger 
injections of acetylcholine gave higher frequencies and longer durations of the 
discharge. Frequencies as high as 100/sec have been evoked by relatively large 
injections (100 yg), and the duration of the discharge was then as long as 10sec. 
The upper row of Table 2 gives the total number of impulses discharged by 
a Renshaw cell in response to graded dosage with acetylcholine. 

Approximately half the Renshaw cells that we have tested have been caused 
to discharge by injections of not more than 20 ug acetylcholine chloride. Some of 
the remainder have failed to respond even to 200ug. Larger doses could not be 
given because contractions of the lumbar musculature produced troublesome 
artifacts and movements. Hence we have the surprising observation that, as 
judged by the action of injected acetylcholine, there was a great variability 
between different Renshaw cells, and yet all behaved identically when their 
responses to antidromic volleys were subjected to the actions both of drugs 
which block cholinergic transmission and of anticholinesterases which prolong 
cholinergic action. 

As would be expected, the effectiveness of a given injection of acetylcholine 
was always greatly increased by prior intravenous injection of eserine. For 
example, comparison of Fig. 14 B,C with Fig. 14 A shows the increased frequency 
of response evoked by injection of 30ug acetylcholine chloride after injection of 
0-2 mg eserine sulphate/kg. A further injection of 0-5 mg eserine sulphate/kg 
increased the frequency still further to almost 100/sec (Fig. 14D). The second 
row of Table 2 shows the great increase in the total number of impulses 
generated by a given dosage of acetylcholine, and it also shows the lowering of 
threshold, 2ug being as effective as 8u.g before the eserine injection. 

Fig. 14E and Table 2 further illustrate the depressant action which a small 
dose of dihydro-8-erythroidine hydrobromide (0-1 mg/kg) exerts on the 
response to injected acetylcholine. The frequency of discharge suffered a five- 
fold diminution, and was greatly curtailed in duration, resembling a just- 
threshold response. Comparison of the third with the second rows of Table 2 
shows that there has been approximately a ten-fold diminution in sensitivity 


to injected acetylcholine, e.g. 30ug then gives a response of about the same 
order as 3yug beforehand. 


D. Pharmacological investigations on the inhibitory pathway 
The pharmacological investigations of the preceding section were specifically 
designed to test the postulated cholinergic transmission at the synapses on 
Renshaw cells. Related investigations aid in establishing other features of 
the inhibitory pathway. 
It has already been seen that the rhythmic wave recorded from the dorso- 
lateral regions of the spinal cord is of the same frequency but of inverted 


“~, 
x 
7 


CENTRAL CHOLINERGIC AND INHIBITORY SYNAPSES 549 


Fig. 14. A-E and G, H are records of Renshaw cell discharges evoked by intra-arterial injections 
of 30ug acetylcholine chloride as described in the text. Each record is a brief excerpt from the 
most intense part of a discharge that persisted for several seconds. Band C show responses at 
10 and 18 min after the intravenous injection of 0-2 mg eserine sulphate/kg, while D is the re- 
sponse 10 min after a further injection of 0-5 mg eserine sulphate/kg. Between D and E 
0-1 mg dihydro-f-erythroidine hydrobromide/kg body weight was injected intravenously. 
Time scale is in 10 msec, F-—H are much faster records, showing in F the later part of a 
Renshaw cell response evoked by an antidromic volley. In G one of the double discharges is 
evoked as in A, and in H two of the rhythmic discharges are evoked as in D. Time scale is in 
msec. Potential scale gives 0-5 mV. 


Tasiz 2. Numbers of impulses evoked in a quiescent Renshaw cell by intra- 


arterial injection of acetylcholine 
Amounts of acetylcholine chloride injected in pg 
Initial response — — 48 118 126 233 
100 
After injection 0-7 mg 12 7% — i472 S738 790 
eserine sulphate /kg 14 229 
After further injection — 2 173 #4249 
0-1 mg dihydro-8- 
erythroidine hydro- 


bromide /kg 
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polarity to the larger rhythmic wave in the ventro-medial regions (cf. 
Fig. 9A), which is itself synchronized with the initial discharges of the Renshaw 
cells (cf. Fig. 10A). It was postulated that the rhythmic discharges of the 
whole population of Renshaw cells produced a current from the axons to the 
cell bodies lying ventro-medially, the discharges initially being sufficiently 
synchronized to give the rhythmic wave whose decrementing amplitude would 
be largely attributable to increasing asynchronism of the individual com- 
ponents. This postulate receives further support from pharmacological in- 
vestigations. Comparison of Fig. 15C with A shows that intravenous injection 


: 


Cc 


Fig. i5. A and B give the potentials evoked by a single antidromic volley (in the seventh lumbar 
ventral root) and recorded respectively on the dorso-lateral surface of the spinal cord and in 
proximity to a Renshaw cell in the ventral horn. C and D give corresponding potential 
records after the injection of 0-2 mg dihydro-f-erythroidine hydrobromide/kg body weight. 
Both time scales are in msec. The same potential scale gives 0-1 mV for A and C and 1-0 mV 
for B and D. A and C are formed by the superposition of about 40 faint traces. 


D 


of 0-2 mg of dihydro-f-erythroidine hydrobromide/kg depressed the later . 
stages of the rhythmic wave, while correspondingly the much slower records of 
a Renshaw cell discharge showed the usual suppression of the later discharges 
(Fig. 15B, D). The relatively small diminution of the earlier stages of the 
rhythmic wave corresponds with the resistance of the initial Renshaw cell 
discharges to the depressant action (cf. Fig. 11). 

That a relation exists between the surface oscillatory wave and the repetitive 
discharge of Renshaw cells is confirmed by the modification produced in both 
by anticholinesterases during repetitive motor-axon stimulation. In the 
records illustrated in Figs. 5, 6, 11, 12, 13 there has been an interval of 3-5 sec 
between each successive antidromic volley, and with such an interval the 
responses of Renshaw cells to successive volleys have been well maintained 
even when under the influence of heavy anticholinesterase dosage. In Fig. 16 
much faster repetition rates have been employed, 2, 8 and 27/sec respectively 
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for the records in the three columns. Before dosage with the anticholin- 
esterase TEPP (Fig. 16A to E), the first three discharges of the Renshaw cell 
correspond as usual with the first three downward deflexions of the surface 
record, which is shown below the simultaneously recorded Renshaw cell 
response. Responses at 2 and 8/sec are virtually identical (cf. Fig. 16A and C, 
B and D), but at 27/sec (Fig. 16 E) the first discharge has a longer latent period 
and the frequency is lower. Moreover, the rhythmic wave is not so well main- 
tained with the surface record in Fig. 16F, as compared with Fig. 16B and D. 
Comparison of Fig. 16G, H with A, B reveals that, even with repetitive 


Fig. 16. A and B give simultaneously recorded potentials evoked by a single antidromic volley 
(in seventh lumbar ventral root) during a repetitive series at 2/sec, A showing a Renshaw cell 
response and B potential waves led from the dorso-lateral surface of the spinal cord, C, D 
and E, F are similar, but the repetitive series are at 8/sec and 27/sec respectively. G and H 
are similar to A and B respectively, but after the injection of 0-2 mg TEPP/kg. I is similar 
to H, but is formed by 40 superimposed faint traces in order to smooth out noise. J, K and L 
likewise correspond to C and D; and M, N and O to E and F. The first spikes discharged by 
the Renshaw cell and the corresponding initial positive waves in the surface records are 
marked by arrows in all records. The second spikes are usually much smaller. In all records 
& gap occurs during the large initial motoneuronal spike potentials. Further description is in 
text. Time scale is in msec. Potential scale gives 1-0 mV for Renshaw cell records and 0-1 mV 
for surface records. 


stimulation as fast as 2/sec, there was after TEPP dosage very little depression 
in the Renshaw cell response, as shown both by direct recording from one and 
by recording the inverted surface wave that was generated by the whole 
population of Renshaw cells. This surface response is better seen in the super- 
imposed traces of Fig. 161, L and O. However, comparisons of Fig. 16J with 
C and K or L with D reveal that at the repetition rate of 8/sec the Renshaw 
cell response was considerably depressed by the TEPP, being comparable with 
the normal responses at 27/sec (Fig. 16E, F). A much greater depression after 
the TEPP dosage occurred with the repetition rate of 27/sec (Fig. 16M, N, 0), 
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there being only one initial discharge both in the Renshaw cell response and in 
the surface response. Intermediate levels of response were observed with 
repetition rates of 4 and 12/sec. 

It may be concluded that the surface oscillatory wave is produced by repeti- 
tive Renshaw cell activity. It should also be pointed out that the depressant 
effect of an anticholinesterase is a well-known phenomenon with repetitive 
activation of the neuro-muscular junction (Bacq & Brown, 1937; Cowan, 1938), 
where it is largely attributable to the accumulation of acetylcholine at the 
junctional region; hence the observations illustrated in Fig. 16 further 
support the postulate that Renshaw cells are activated by cholinergic 
synapses. 

It remains to remove the possibility that the surface wave might be due to 
the repetitive wave component of the hyperpolarization produced in moto- 
neurones (cf. Figs. 2G, 3H, 4A). Strychnine adequately differentiates the 
two phenomena. As noted earlier strychnine reduces the hyperpolarization 
in the motoneurone (Fig. 4D-H). At the same time the Renshaw cell 
discharge was slightly increased and the surface wave showed no significant 
change. 

If the impulses discharged by Renshaw cells are responsible for generating 
the antidromic IPSP of motoneurones, it would be expected that modification 
of the Renshaw cell discharge by pharmacological agents would be associated 
with corresponding alterations in the time course of the antidromic IPSP. The 
predicted effects are illustrated in Fig. 17. Intravenous injection of 0-1 mg 
dihydro-B-erythroidine hydrobromide/kg caused little depression in the initial 
rate of development of the IPSP, but the summit was earlier and lower and the 
recovery therefrom much more rapid (ef. Fig. 17 A with C and B with D). This 
is precisely the effect that would be expected on account of its depressant 
action on the later rather than the earlier Renshaw cell discharges (cf. Fig. 11). 
Since dihydro-8-erythroidine has been observed to have no action on direct 
IPSP’s, it may be presumed that the whole effect seen in Fig. 17C and D is 
attributable to its depressant action on Renshaw cell discharges. As would be 
expected from the effect on Renshaw cell discharge (Fig. 13), the anticholin- 
esterase, eserine, had the opposite action on the antidromic IPSP. The rising 
phase to the summit was not appreciably altered, but thereafter the time 
course was greatly slowed (Fig. 17 E, F), as may be seen in the slower recording 
of Fig. 17G, where the time from the summit of the IPSP to half decay was a 
three-fold lengthening from the corresponding value for Fig. 17E. Such a 
change may be satisfactorily attributed to the large increase which eserine brings 
about in the later stages of a Renshaw cell discharge, the initial discharges 
being virtually unaltered (Fig. 13). 
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Fig. 17. Intracellularly recorded inhibitory post-synaptic potentials evoked in a motcneurone by 
a single antidromic volley in the seventh lumbar ventral root. A, B are before and C, D after 
the injection of 0-1 mg dihydro-f-erythroidine hydrobromide/kg body weight. Time scales 
in 10 msec are shown below the corresponding records. Potential scale gives 10 mV. E and F 
show IPSP’s similarly evoked in another experiment, E before and F 5 min after the injection 
of 0-3 mg eserine sulphate/kg body weight. G is the same as F but at a slower sweep speed. 
Time scales are in 10 msec, Potential scale gives 5 mV. All records except F are formed by 
the superposition of about 40 faint traces. 


DISCUSSION 
The anatomical pathway 


In our usual experiments Renshaw cells have been excited to discharge by 
stimuli applied either to ventral roots or to motor nerves, the appropriate 
precautions being taken to prevent impulses in afferent fibres from entering 
the spinal cord. By graduating the strength of stimulation it has been shown 
that activation of Renshaw cells is caused solely by impulses in nerve fibres 
whose range of thresholds corresponds to the large motor-nerve fibres (cf., 
for example, Fig. 6B—E). However, nerve volleys entering the spinal cord via 
the dorsal roots frequently evoke discharges of Renshaw cells (Renshaw, 1946). 
Discharges occurring after a short latent period have been observed to be 
associated with large reflex discharges from motoneurones, and the depression 
of this reflex by deeper anaesthesia has abolished the Renshaw cell response. 
Such Renshaw cell activation may therefore be assumed to be secondary to 
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the reflex discharge of impulses outwards along the motor-nerve fibres, the 
impulses having presumably the same action as impulses propagating anti- 
dromically up these fibres. However, volleys in the small group III afferent 
fibres often evoke discharges of Renshaw cells which have a much longer latent 
period and which are not secondary to the discharge of impulses from moto- 
neurones. While this aspect of Renshaw cell activity has not been fully explored, 
it does indicate that motor-axon collaterals do not provide the only excitatory 
pathway to Renshaw cells. In addition, Renshaw (1946) reported a slight 
inhibitory action of antidromic volleys on Renshaw cells, but this report 
requires confirmation. 

The negative results of the facilitation experiments illustrated in Fig. 7 have 
been taken to exclude the possibility that Renshaw cells are activated by the 
antidromic volley after it has traversed the cell body and invaded the dendrites 
of the motoneurones. On neuro-histological grounds the only alternative would 
appear to be activation by means of the axon collaterals. However, this 
postulate is made without any histological evidence that these collaterals end 
synaptically on special interneurones in the ventral horn. The usual electro- 
physiological location of Renshaw cells in the ventro-medial zone of the ventral 
horn may be taken as additional evidence supporting their synaptic stimulation 
by means of motor-axon collaterals; for it is in this zone that these collaterals 
arise from the motor axons and terminate by extensive ramification (Cajal, 
1909, Fig. 133). 

' Though interneurones are relatively numerous in the ventral horn, out- 
numbering motoneurones by three to one (Balthasar, 1952), it has been possible 
to find only one account in the literature which may relate specifically to 
Renshaw cells. After section of the ventral roots, Sprague (1951, Figs. 5, 10) 
found that the chromatolytic reaction occurred not only in large cells which 
undoubtedly are motoneurones but also to a variable degree in many small 
cells which, in the lower lumbar region, were concentrated in the extreme 
ventro-medial zone of the ventral horn. This is precisely the focal region for 
Renshaw cells (cf. Fig. 9B). He suggested that these cells (designated Type II 
cells) were small motoneurones, i.e. the motoneurones of small motor fibres 
innervating muscle spindles. However by antidromic activation it has been 
shown that the small motoneurones of a muscle are located in proximity to 
the large motoneurones and not in the ventro-medial zone. It therefore seems 
probable that the Type II cells are Renshaw cells. Sprague himself states that 
the atypical chromatolytic changes do not provide conclusive evidence that 
the Type II cells are motoneurones. 

The present experiments confirm Renshaw’s (1946) conclusion that impulses 
in many motor fibres activate any one Renshaw cell. This has been shown both 
by the effects of varying the size of the antidromic volley in any one motor 
nerve and by the excitatory action of volleys in many different motor nerves 
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(Fig. 6). Since the latent period of activation (0-6-0-7 msec) is about the 
minimum duration for a single synaptic relay in the central nervous system, 
there can be no interpolated neurones. As judged by the steady decline in the 
rate of discharge of a Renshaw cell, the activating transmitter substance 
reaches @ maximum within 1 msec of the invasion of the terminals of the 
motor-axon collaterals, and thereafter it steadily declines along a time course 
which is indicated in Fig. 61. There is no need to postulate that the prolonged 
discharge is due to delay-paths from motor-axon collaterals through chains of 
interneurones to Renshaw cells. 

It has already been pointed out that the antidromic [PSP has precisely the 
latency and time course that would be predicted if it were generated by the 
discharges of Renshaw cells. It has further been observed that impulses in 
many motor-nerve fibres sum in producing the IPSP of a motoneurone. Un- 
doubtedly this convergence on to a motoneurone is largely attributable to the 
convergence on to individual Renshaw cells. However it is also necessary to 
postulate that several Renshaw cells contribute to the IPSP of a motoneurone. 
The rhythmic discharges of Renshaw cells undoubtedly give the rhythmic 
wave-form seen on the rising phase and summit of the IPSP (Figs. 2G, 3H, 
4A, B). If this rhythmic wave-form were due to the rhythmic discharges of a 
single Renshaw cell, it should become accentuated as the frequency declines, 
but the reverse occurs. It is therefore necessary to assume that the rhythm 
is smoothed out because it is generated by the discharges of many Renshaw 
cells which progressively become out of phase, exactly as occurs with the 
rhythmic waves recorded on the surface and in the spinal cord (cf. Figs. 9A, 
10 A). 

The antidromic IPSP may begin after a central delay as brief as 1-1 msec, 
which is only 0-5 msec after the initiation of the earliest spike in a Renshaw 
cell discharge. However by recording the negative spike of a Renshaw cell 
extracellularly (Fig. 10B), it is seen that about 0-2 msec is required for the in- 
vasion of the whole cell. Hence 0-3 msec remains between the invasion of the 
Renshaw cell terminals and the commencement of the IPSP, which agrees 
closely with the value determined for the direct inhibitory pathway (Eccles, 
Fatt & Landgren, 1954). Even when the central delay for the antidromic IPSP 
is as long as 1-8 msec, there is no time for the interpolation of a neurone 
between Renshaw cells and motoneurones, for with weak activation of Renshaw 
cells the latent period for their discharge may be longer than 1 msec (Fig. 5C, 
D, E; Fig. 6B, C). The prolonged time course of the antidromic [PSP is 
sufficiently explained by the prolonged repetitive Renshaw cell discharge. 

Thus the anatomical pathway may be drawn as on the right side of the 
transverse section shown in Fig. 9B. Motor-axon collaterals converge on to 
Renshaw cells and have an excitatory action thereon. Renshaw cells in turn 
converge on to motoneurones on which they have an inhibitory action. 
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The synaptic events 

The fact that motor-nerve fibres produce and liberate acetylcholine at their 
peripheral contacts with muscle fibres makes it probable that acetylcholine is 
also the transmitter substance at the synapses which motor-axon collaterals 
make with Renshaw cells (Dale, 1934, 1952; Feldberg, 1950, 1952). The pharma- 
cological investigations illustrated in Figs. 11-17 give strong confirmation to 
this postulate. Furthermore the investigations illustrated by Fig. 17 demon- 
strate that antidromic volleys in motor axons generate [PSP’s in motonerones 
exclusively through the mediation of Renshaw cells, for the changes produced 
in the antidromic IPSP by dihydro-f-erythroidine and by eserine correspond 
precisely to the changes which these drugs produce in the discharge of Renshaw 
cells (Figs. 11, 13, 14, 15). 

Various experimental procedures have indicated that the inhibitory 
synapses which Renshaw cells make with motoneurones resemble the synapses 
made by other inhibitory pathways to motoneurones. All the synapses are 
similarly affected by strychnine. Furthermore the potentials are similarly 
affected by the injection of ions into the cell and by the passage of currents 
across the surface membrane (cf. Coombs et al. 1953). 


Conclusions 

The conclusions derived from these experimental observations are 
illustrated in Fig. 18 which gives the successive physiological events and 
relates them to a diagrammatic representation of the anatomical pathway. 
The single impulse in the motor-axon collateral (Fig. 18 A) causes the liberation 
of acetylcholine at synapses on Renshaw cells. The persistence of this acetyl- 
choline (Fig. 18 B) effects a prolonged depolarizing action on the Renshaw cell 
(cf. Fig. 61) with the consequent generation of a repetitive discharge of 
impulses (Fig. 18C; cf. Fig. 6G) that gradually slows from a very high initial 
frequency. The latent period for the first discharge (0-6 to 0-7 msec) is in good 
agreement with the shortest values obtaining for other types of monosynaptic 
transmission. At the inhibitory synapse on the motoneurone each impulse 
from a Renshaw cell is shown in Fig. 18D liberating, after a delay of about 
0-4 msec, the inhibitory transmitter substance, which has a characteristic 
brief duration of about 2 msec (Eccles, Fatt & Landgren, unpublished observa- 
tions), and which in turn generates after a very brief delay the IPSP that has 
much the same time course as the IPSP observed with direct inhibition 
(Brock et al. 1952; Coombs et al. 1953). At the high initial frequencies there is 
fusion of the successive responses to give a considerable summation of the 
IPSP’s, but for any one synapse this fusion will decrease as the frequency 
declines (Fig. 18E). However, as already suggested, the smooth contour of the 
IPSP beyond its summit (Figs. 2G, 3H, I) indicatesthat the discharges of several 
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Renshaw cells are responsible for generating the IPSP on any motoneurone, the 
asynchronism of the various discharges effecting a smoothing of the wave-form 
as indicated in Fig. 18F. The sites of action of the blocking agents dihydro-p- 
erythroidine and strychnine are also indicated in Fig. 18 between B and C 
and between D and E respectively, i.e. it is postulated that blockage occurs by 
interference with the action of the respective synaptic transmitters. 


ed by dihyd roidine 


Fig. 18. Diagram summarizing the postulated sequence of events from an impulse in a motor 
axon to the inhibition of a motoneurone. All events are plotted on the time scale shown below 
and the corresponding histological structures (cf. Fig. 9B) are shown diagrammatically to 
the left (note indicator arrows). The six plotted time courses are for the following events: 
A, the electrical response of impulse in motor-axon collateral; B, the effective concentration 
of the acetylcholine which it liberates at a synaptic terminal; C, the electrical response 
evoked in a Renshaw cell by the cumulative effect of acetylcholine at many synapses, showing 
impulses superimposed on a background depolarization (cf. Fig. 6G); D, the effective con- 
centration of inhibitory transmitter substance which these impulses liberate at a synaptic 
terminal of the Renshaw cell, showing summation at the high initial frequency; E, the IPSP 
generated in the motoneurone by the Renshaw cell discharge and the inhibitory transmitter 
shown in C and D, respectively; F, the aggregate IPSP evoked in a mobenempene hot is 
repetitively bombarded by many Renshaw cells which progressively b more 
so smoothing the latter part of the ripple shown in E. The morphological diagram to the left 
shows converging synapses both on the Renshaw cell and on the motoneurone (ef. Fig. 9B). 


The inhibitory action which an antidromic volley exerts on motoneurones is 
sufficiently explained by the synaptic inhibitory pathway through Renshaw 
cells, Certainly the electric field explanation of Brooks et al. (1950) and Lloyd 
(1951 ns is in good agreement with the temporal course of the inhibition. But 
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its quantitative aspect has been in doubt, and the present experiments 
establish that at best it is of secondary significance. For example in Figs. 
1N and 3B, D no positivity is detectable when the electrode is withdrawn to a 
just-extracellular position. No voltage scale is given for the electric field 
potentials recorded by Lloyd (19516), but the background noise level indicates 
a magnitude measurable in hundredths of mV, which is the magnitude re- 
corded by Brooks et al. (1950). Only a fraction of this voltage drop would 
appear across the motoneuronal membrane to produce a hyperpolarization and 
consequent inhibition by field action. On the other hand the inhibitory synaptic 
potentials generated by a maximum antidromic volley in a ventral root usually 
attain several millivolts, i.e. the synaptic mechanism would be as much as one 
hundred times as effective as the field effect. Thus the electric field theory can 
be discounted on quantitative grounds until experimental investigation has 
established that an effective inhibition is thereby produced in addition to that 
arising from the synaptic mechanism demonstrated in this paper. It is further 
suggested that a search for synaptic mechanisms should be made in other in- 
stances in which neuronal interactions in the central nervous system have been 
attributed to the action of electrical fields. __ 

The functional significance of this inhibitory pathway from motor axons to 
motoneurones remains obscure. As judged by the size of the IPSP, the intensity 
of the inhibition is often relatively high, being with many motoneurones larger 
than the direct IPSP. But on the other hand no antidromic IPSP has been 
detectable with about one-fifth of the motoneurones that we have investigated. 
We would agree with Renshaw that no functional meaning can yet be given 
to this potent and widely distributed inhibitory action, except in so far as it 
would exercise a generalized suppressor function (cf. Holmgren & Merton, 
1954), which would be of importance in the limitation of such widely distributed 
and intense motoneuronal activity as, for example, occurs in convulsions. The 
long duration of the synaptic excitatory action on Renshaw cells (cf. Fig. 18 B) 
would fit them particularly well for summing the individual excitatory actions 
of impulses which are discharged at the relatively low frequencies characteristic 
of motoneurones. 

In addition Renshaw cells may also lie in other inhibitory pathways to 
motoneurones. This has been shown to obtain for impulses arising in group III 
afferent fibres. Possibly, too, Renshaw cells may be activated by descending 
pathways that have an inhibitory action on motoneurones, e.g. from inhibitory 
areas of the bulbar reticular formation (Magoun & Rhines, 1946; Niemer & 
Magoun, 1947). It is further possible that Renshaw cells may make synaptic 
contact with other neurones as well as with motoneurones. 
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SUMMARY 


1. Intracellular recording from motoneurones in the lumbar region of the 
cat’s spinal cord has revealed that volleys of impulses in motor axons generate 
a hyperpolarization of the motoneuronal membrane which has all the features 
of an inhibitory post-synaptic potential. A particular motoneurone is affected 
by impulses in many different axons supplying different muscles, but its own 
axon has no special action in this regard. Both the distribution of the axons 
which effect a hyperpolarization of the motoneurones supplying a given muscle 
and the time course of the hyperpolarization show that a satisfactory explana- 
tion is hereby provided for the antidromic inhibitory effect discovered by 
Renshaw (1941). 

2. Inaddition to generating this inhibitory post-synpatic potential, impulses 
in motor axons set up a prolonged repetitive discharge of special interneurones 
in the ventral horn, which was first described by Renshaw (1946). The activa- 
tion of these interneurones (designated Renshaw cells) is not caused by impulses 
_ propagating over the somas and dendrites of motoneurones; it is therefore 
postulated that their activation takes place via the collaterals of motor axons. 

3. In conformity with Dale’s principle (1934, 1952) that the same chemical 
transmitter is released from all the synaptic terminals of a neurone, pharma- 
cological investigation has indicated that acetylcholine mediates the excitation 
of Renshaw cells by impulses in the collaterals of motor axons just as it 
mediates the excitation of muscle fibres at the peripheral terminals of the same 
axons. For example the transmission to Renshaw cells is readily depressed 
by dihydro-8-erythroidine and to a lesser extent by atropine and is greatly 
prolonged by such anticholinesterases as eserine and TEPP. However, trans- 
mission is not affected by either pD-tubocurarine or prostigmine. Further 
evidence relating to the transmission is that Renshaw cells are caused to fire 
repetitively by the administration of acetylcholine via the arterial blood supply 
of the spinal cord. There is however a wide range of variability of Renshaw 
cells in their response to acetylcholine thus applied. As would be expected the 
sensitivity of Renshaw cells to injected acetylcholine is greatly increased by 
eserine and depressed by dihydro-f-erythroidine. 

4, Experimental investigation establishes that the antidromic inhibitory 
potential of motoneurones is produced through the mediation of Renshaw 
cells. The latent period and time course of the inhibitory potential are in 
precise accord with this explanation. Furthermore depression and shortening 
of the Renshaw cell discharge by dihydro-f-erythroidine and its prolongation 
by anticholinesterases are accompanied by corresponding changes in the 
inhibitory potential. 

5. The proposed anatomical pathway is shown in Fig. 9B. Motor-axon 
collaterals converge on to and make synaptic contacts with Renshaw cells whose 
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axons in turn converge on to and make synaptic contacts with motoneurones 
at the same segmental level. Systematic mapping of electric potential fields in 
the spinal cord reveals that Renshaw cells are concentrated in the ventro- 
medial zone of the ventral horn and send their axons dorso-laterally towards 
the motoneurones. The repetitive spikes which an antidromic volley generates 
in Renshaw cells are initially so well synchronized that they fuse to give a 
rhythmic potential wave at about 1000/sec. When recorded dorso-laterally in 
the spinal cord this wave has a polarity which is the inverse of the polarity in 
the ventro-medial zone where it arises from the repetitive discharges of 
Renshaw cells. 

6. The physiological events in the pathway from motor-axon collaterals to 
motoneurones are summarized in diagrammatic form in Fig. 18. 

7. The functional significance of this inhibitory pathway and of Renshaw 
cells is briefly discussed. A sufficient explanation is thereby provided for the 
inhibitory action of antidromic volleys on motoneurones. The previously 
postulated interaction by the electric fields which are set up by currents 
around active cells appears to be insignificant. 


The authors wish to express grateful acknowledgement to Hoffmann-La Roche Inc. for the 
prostigmine bromide, acetylcholine chloride and NU 2126; to Eli Lilly and Co. for the TEPP; to 
Merck and Co. for the dihydro-f-erythroidine hydrobromide; and to Elliotts and Australian Drug 
Pty. Ltd, for the p-tubocurarine chloride. 
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THE FOETAL CIRCULATION IN THE LAMB 
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From the Nuffield Institute for Medical Research, University of Oxford 
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Barcroft and his colleagues (Barclay, Barcroft, Barron & Franklin, 1939) made 
the first direct studies of the course of blood flow through the principal vessels 
of the foetal lamb by rapid serial radiography. This method of investigation, 
though it has yielded much useful information and involves little surgical 
interference with the experimental animal, is not quantitative. There are, 
therefore, many important gaps in our knowledge of the foetal circulation. 
There are no quantitative estimates of the volumes of blood flow through the 
lungs, the foramen ovale or the ductus arteriosus. Estimates of placental 
blood flow as a fraction of cardiac output vary widely (Barcroft, 1946) and 
there is no experimental evidence as to whether the outputs of the two 
ventricles of the foetal heart are equal or whether they differ substantially. 
In the foetal heart venous blood from the superior vena cava and coronary 
_ veins mixes with well-oxygenated blood from the thoracic inferior vena cava, 
This mixing is incomplete, so that the carotid arterial blood contains more 
oxygen than the blood in the descending aorta (Huggett, 1927). It has been 
suggested that this separation of the two streams of blood within the heart 
may be of physiological importance. Clearly these issues cannot be resolved 
without some quantitative measure of the relative rates of blood flow through 
the major vessels of the foetal circulation. 

During some experiments on foetal lambs we observed the great difference 
in colour of the blood passing through the superior and inferior venae cavae. 
We were thus led to calculate the relative contribution of these two streams 
to the blood leaving the right atrium by measuring their oxygen content and 
that of a sample of blood withdrawn simultaneously from the pulmonary trunk. 
A similar analysis was applied to the other three points in the foetal circulation 
at which streams of blood of different oxygen content meet—in the upper part 
of the inferior vena cava, in the left atrium and at the junction of the ductus 
arteriosus with the descending aorta. It was then found possible, making 
certain assumptions, to calculate the volume of blood flow in all the principal 
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vessels of the foetal lamb as a fraction of the cardiac output from determina- 
tions of the oxygen content of blood samples withdrawn simultaneously from 


eight different vessels. This paper gives an account of these measurements and 
calculations. 


THEORY 


Symbols. The oxygen content of the various parts of the circulatory system 
are denoted by the following symbols; blood flow is denoted by Q with the 
same symbols subscribed (Fig. 1): 


Umbilical vein 


u Aortic isthmus (between 
Thoracic inferior vena cava i brachiocephalic artery and 
Abdominal inferior vena cava 4a entry of the ductus arteriosus 
Portal vein v into the descending aorta) A 
Superior vena cava 8 Foramen ovale O 
Pulmonary trunk pt Coronary vessels c 
Pulmonary vein pu _ Right heart R 
Femoral artery f Left heart L 
Brachiocephalic artery b Inferior caval flow to right 
Descending aorta d atrium d, 
Lungs l Placental flow Vp 
Ductus arteriosus D 


Wherever two converging streams of blood, of different oxygen content, 
meet and mix together, the relative volumes of blood flow from either stream 
may be calculated. There are four such confluences in the foetal circulation— 
in the right atrium, in the left atrium, at the junction of the ductus arteriosus 
and descending aorta, and in the upper part of the abdominal inferior vena 
cava. 

The right atrium. The proportion of blood flowing from the inferior vena 
cava into the right atrium (as a fraction of the total right atrial inflow) may 
be estimated by considering the flow of blood and oxygen across the right 


heart (Fig. 1); thus for blood, 
where Q, is the quantity of blood flowing from the inferior vena cava into the 
right atrium, and for O,,Q,s+Q,c+Q,i=Q, pt whence, assuming that Q,=Q,, 
as seems reasonable, we have 
Q, _ pt—4(s +e) (1) 
Qe 
The left atrium. In the same way the proportion of blood flowing directly 


from the inferior vena cava through the foramen ovale into the left atrium Q, 
may be calculated as a fraction of total left atrial inflow. Thus 


and Q,b=Q,pvt+Qoi. 
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Whence 


(2) 


Part of the blood which reaches the left atrium has come from the inferior 
vena cava through the right heart and lungs (Q,). This is given by 0-2, 


whence _ dQ, _ pt—F(s+e) 


Hindquarters 


Fig. 1. Diagram showing arrangement of the foetal circulatory system. The symbols represent 
the oxygen contents of the various vessels. The blood flow is denoted by Q with the appro- 
priate symbol subscribed. Umbilical vein, u; thoracic inferior vena cava, 1; abdominal inferior 
vena cava, a; portal vein, v; superior vena cava, 8; pulmonary trunk, pt; pulmonary vein, pv; 
femoral artery, f; brachiocephalic artery, b; descending aorta, d; aortic isthmus, A ; lungs, /; 
ductus arteriosus, D; foramen ovale, 0; coronary vessels, c; right heart, R; left heart, L; 
inferior caval flow to right atrium, Q,; placental flow Qp. 
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The ductus arteriosus. The proportion of blood flowing through the ductus 
arteriosus, as a fraction of the total blood flow down the Gesoending aorta, 
may be deduced in the same way. Thus 


Qa=Qnt+Q. and f=Qppt+Q.6. 


Whence Qp b-f (4) 
Qa b—pt 

The placental flow. In the upper part of the abdominal inferior vena cava 
there mix converging streams from the lower part of the body, from the 
ductus venosus and the hepatic veins. The situation is complicated by the 
fact that the hepatic arterial blood and part of the portal blood and umbilical 
venous blood has passed through liver tissue; the oxygen contents of these 
blood streams will have been reduced to an unpredictable degree. It is 
assumed that the oxygen content of the hepatic arterial blood is reduced 
during its passage through the liver to a value }(v+a), the mean of the portal 
venous and abdominal inferior vena caval oxygen contents. It is also assumed 
that the oxygen contents of the portal venous and umbilical venous blood are 
not altered during their passage through the liver. Then using the same methods 
as before, we have 


and 


u—t(v+a) (5) 


Whence 


To calculate the relative volume flow of blood in the other principal vessels 

In the first instance, the amounts of blood flowing through the principal 
vessels will be calculated in terms of flow through the thoracic inferior vena 
cava (Q,). 

The heart may be represented in right and left halves, with the main paths 
of flow as shown in Fig. 1. The coronary supply to the heart has been included 
with the fore part of the body (upper trunk, forelimbs and head), since the 
blood which feeds both is derived from the left ventricle and is returned 
almost entirely to the right atrium. Inspection of Fig. 1 will show that there 
is no gain or loss of oxygen from the blood stream within the dotted rectangle 
when the coronary flow is so assigned. Therefore, when the foetal lamb is in 
a steady state, and the demand for oxygen by the body is exactly equal to its 
uptake by the placenta, the relationship between the various flows may be 


obtained by equating the rates of flow of blood and oxygen into and out of 
the rectangle. For blood flow 


Y,.+9.=%+Q, and Q; = Qa, 
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and for oxygen 


f+(Q,+Q,)b+Q,pt, 


Qt —f) = (Q, + (6— Hs +Q pt — po), (6) 
assuming that Q,=Q.. 
If the quantity of oxygen taken up by the lungs from blood circulating 


through the pulmonary vessels is negligible compared with that used by the 
upper and lower parts of the body then we have 


Q, 


If, however, a significant quantity of ‘oxygen is removed in the lungs, the 
relationship is more complicated, and may be derived as follows: 


In the left heart equate flows: Qo+9,=(Q,+Q.)+Q. 
and oxygen: 
Eliminating we obtain 
(Q,+Q.) (¢—6)— Qt —pr) =Q4(b—2). (8) 
At the junction of the ductus arteriosus and descending aorta 
equate flows: 
and oxygen: Qppt+Q,b=Q, f=Q,f. 


whence 


Eliminating Qp we obtain 
Opt —f)=Q.4(pt — 5). (9) 
Eliminating Q, from (8) and (9) we obtain 
and eliminating Q, from (6) and (10) 


(1 — pt) {(b—f) (b— pv) + (¢—b) (b—pt)} 
Q;  (b—pt) +¢]) (b—pe) + (pt—4[s +¢])} 


This derivation is independent of the condition of the various paths of flow, 
whether for example the foramen ovale and ductus arteriosus are open or 
closed, or to what extent the streams of blood mix within the heart. If 
anastomoses exist between the upper and lower parts of the body, so that 
some of the blood from the brachiocephalic artery reaches the right heart not 
by the superior vena cava, but by the inferior vena cava, then no simple 
proportional relationship between Q; and Q,,,, exists, as a third route of flow, 
of unknown magnitude relative to Q; is introduced. Such anastomoses 
undoubtedly do exist, in the internal mammary and diaphragmatic arteries 
and the hemiazygos veins for instance, but the volume of blood flow in either 


(11) 
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direction, especially in a foetal lamb which is not breathing, is likely to be 
negligible compared with Q;. 

Now let (11) =8@. 


Then from (1), 
Q,  _pt-Hste) 
0,4+92,.+9, t—4(s+c) 
or | Q,=Q,8 i—p 
The flow through the right heart may now be derived by eliminating Q, from 
Qr=9, i—pt (13) 
The flow through the foramen ovale is given by 
9, (1-0 HE), (14) 
The flow through the left heart, by substitution of Q, in (2) is 
pt —4(s +c) 


The flow through the lungs is derived by considering the flow of blood and 
oxygen through the left atrium, 


thus and Q,b=Q,pv+Qoi, 
whence — 
(16) 
i—pt 
And the flow through the ductus arteriosus 
METHODS 


Sixteen lambs were used for these experiments, of which six were a Hampshire—Clun Forest cross, 
and the remainder Welsh. The ewes were lightly anaesthetized with sodium pentobarbitone (mean, 
32 mg/kg) or ‘dial-urethane’ (diallyl-barbituric acid 0-23, urethane 0-02 g./kg; lamb no. 345A 
only). 

The lambs were delivered by caesarian section, the procedure being the same as that used 
previously (Dawes, Mott, Widdicombe & Wyatt, 1953). The blood pressure was recorded by 
mercury manometer from the carotid artery of the ewe and from the femoral artery of the foetus. 
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A nose-bag filled with saline was used to prevent inspiration of air by the foetus, though this was 
scarcely necessary. The lambs did not usually attempt to breathe on delivery, because they too 
were lightly anaesthetized. 

Samples of blood were withdrawn from a number of vessels simultaneously, from the pulmonary 
trunk, left lower pulmonary vein and coronary sinus by direct puncture with a needle, and from 
the carotid and femoral arteries through polythene catheters. Table 1 shows the vessels through 
which fine polythene catheters were introduced to obtain other samples from the sites indicated. 
The tip of the catheter for taking samples from the abdominal inferior vena cava lay below the 
entry of the hepatic veins and ductus venosus; in most experiments it lay above the entry of the 
right renal vein, and in a few just above the entry of the left renal vein. A longer catheter was passed 
through the left femoral vein so that its tip lay in the thoracic inferior vena cava, between the 
diaphragm and the foramen ovale. Samples of blood were withdrawn from both these two catheters 
and the colours compared; this proved a useful guide as to whether they were in the correct 
positions. The positions of these and all other catheters were verified by dissection at the end of 
the experiment. It should be observed that the more complicated procedure, in which blood 
samples were withdrawn from eight vessels, involved ligating both femoral arteries (one was used 
to record mean arterial pressure) and both femoral veins. 


Tass 1. Sites of introduction of polythene catheters for withdrawal of blood samples 


Other lambs, chest opened in 
Lambs 338, 339, 341,342 the third left intercostal space 


Catheters introduced through 
Umbilical vein — Small tributary 
Portal vein — Splenic vein 
Thoracic IVC Diaphragmatic vein emoral vein 
Abdominal IV — Femoral vein 
SVC R. azygos vein R. external jugular vein 


Samples of blood (0-5 ml.) were withdrawn as nearly simultaneously as possible. When only 
three to five samples were required, as in the first six experiments (Table 4), three to five persons 
withdrew blood simultaneously over 5-10 sec. It was found impossible to get more than five 
persons comfortably in position around the foetus and ewe at a time, and consequently, when 
eight samples had to be withdrawn, three persons took two samples each. This was done as 
expeditiously as possible, and it was unusual for the whole procedure to take more than 15 sec. 
Each blood sample was analysed for oxygen content using the micro-method of Roughton & 
Scholander (1943) with the precautions described in the previous paper (Dawes et al. 1953). The 
oxygen content of a fully saturated sample was also estimated. Some of the samples in Table 2 
were analysed by Dr G. V. R. Born, using a modification of the Barcroft-Haldane method. 


RESULTS 
Table 2 shows that the oxygen content of pulmonary venous blood is con- 
siderably less than that of pulmonary arterial blood in the foetal lamb. The 
oxygen consumption of foetal lung is of course not concealed by the large 
volume of oxygen which is removed from the lungs by the blood stream in the 
adult. We should not therefore be justified in assuming that the quantity of 
oxygen used by the lungs is negligible compared with that used by the rest 
of the foetus, This conclusion is of practical importance in calculating the 
relative blood flow in the various parts of the foetal circulation, since it 
becomes necessary to use the more complicated equation (11) to calculate the 
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relative flow through the superior vena cava and coronary vessels as a fraction 
of inferior caval flow, in place of the simpler equation (7) which assumed that 
the oxygen content of blood in the pulmonary vein is equal to that in the 
pulmonary artery. 

A further difficulty then arises. The pulmonary veins enter the left atrium 
independently; the oxygen content of different veins is not necessarily the 
same. Moreover, it was considered impracticable to withdraw a sample of 
blood from any one of these veins at the same time as the other eight samples 
which were required. We have therefore assumed that the mean pulmonary 


Taste 2. Oxygen content of pulmonary blood in foetal lambs 


O, content (ml./100 ml.) 
in blood from 2 
capacity 
Lamb Age Weight Pulmonary pulmonary blood 
no. (days) Sample artery vein (ml. /100 ml.) 
332* — — 3-9 3-0 18:3 
412B 138 7 a 3-2 2-8 12-3 
b 3-0 13 12-7 
427B 139 4-5 a 6-6 5-1 16-5 
b 6-6 4-8 
430B 132 2°9  @ 77 6-3 17-4 
b 110 8-0 18-7 
ct 9-8 76 15-4 
The mean pulmonary arteriovenous difference is 1-6 ml. 0,/100 ml. blood. 
* Welsh. t Isolated perfused lungs. 


arteriovenous difference in oxygen content recorded in Table 2 (1-6 vol.%) 
holds good for all subsequent experiments, and have calculated the pul- 
monary venous oxygen content by subtracting this figure from the observed 
pulmonary arterial oxygen content. The error likely to be involved in this 
approximation affects the calculation of relative pulmonary blood flow to 
a greater extent than a similar error would affect the calculation of flow 
through any other organ or vessel, and will be discussed later. 

Another difficulty arises from the circumstance that the venous return from 
the coronary vessels and left hemiazygos system, (the latter is extensive in 
the lamb) enters the right atrium by way of the coronary sinus. We can of 
course take samples from this blood stream but we cannot readily obtain 
samples from other coronary veins or Thebesian veins. Table 3 records the 
oxygen content of blood withdrawn simultaneously from the superior vena 
cava and coronary sinus. It will be observed that the oxygen content of 
coronary sinus blood is consistently lower than that of superior caval blood 
by a mean of 1-8 vol. %. We have no means of knowing what are the relative 
volumes of blood flowing through the superior vena cava on the one hand 
and the coronary vessels and left hemiazygos systems on the other, but 
propose to assume as in the discussion of equation (1) that they are equal. 
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The appearance of the two vessels suggests that this is not an unreasonable 
assumption. The mean oxygen content of the blood entering the right atrium 
(Q, +Q,) (other than that from the inferior vena cava) will therefore be assumed 
to be s—0-9, where s is the observed oxygen content of superior vena caval 
blood. In practice this approximation does not affect the calculated flows 
greatly ; since of the blood streams which mix in the right atrium the oxygen 
content of inferior caval blood is very substantially more than that of either 
superior caval or coronary venous blood. 


TABLE 3. Oxygen content of blood from the superior vena cava and 
coronary sinus in foetal lambs 


blood from 
Lamb Superior Corona 

no. Sample vena cava sinus (ml./100 ml.) 
341 c 5-0 4-2 14-5 

d 4-2 3-3 
342 a 6-0 3-2 14-9 

b 2-2 — 
343 c 4-1 2-9 15-9 


The mean difference in oxygen content between blood from the superior vena cava and that 
from the coronary sinus is 1-8 ml./100 ml. 


Simultaneous measurement of oxygen contents 


The oxygen contents which have been observed in various vessels are 
recorded in Table 4. Although a considerable time had elapsed between 
delivery and sampling, the condition of the lambs was good. The maternal 
blood pressure was very well maintained and the foetal blood pressure had not 
fallen on the average by more than 8%. In six of the lambs, blood samples 
were taken from the left carotid artery immediately after delivery; in only one 
lamb (346 B) was there any significant fall in oxygen saturation subsequently 
(127 min after delivery). 

Fig. 2A shows a histogram of the percentage oxygen saturation of samples 
of carotid blood withdrawn within 15 min of delivery from twenty-two lambs 
at least 134 days old; in many lambs the interval was much less. It is inter- 
esting to observe that the carotid oxygen saturations of the lambs delivered 
under sodium pentobarbitone were on the average higher than those de- 
livered under dial-urethane. Under local anaesthesia they were much lower, 
possibly because maternal placental flow was restricted. In Fig. 2B is shown 
for comparison a histogram of the carotid arterial oxygen percentage satura- 
tions recorded from twelve lambs (twenty-one samples) in Table 4 at times 
up to 2 hr from delivery. There is no evidence here of deterioration. Examina- 
tion of the observations on repeated samples in the same lambs leads to the 
same conclusions; the agreement between successive samples was satisfactory 
(‘Table 4). 


content (m1./100 ml.) in 
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A. Control unoperated lambs on delivery 
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Fig. 2. Histograms showing: A, distribution of carotid oxygen saturations in twenty-two un- 
operated lambs on delivery; B, distribution of carotid oxygen percentage saturations from 
twelve lambs (twenty-one samples) in Table 4 at times up to 2 hr from delivery. 


A reduction in oxygen content was observed in simultaneous samples from 
the umbilical vein, thoracic inferior vena cava, carotid artery, femoral artery 
and pulmonary trunk in that order, in all lambs (Table 4). This reinforces the 
current view as to the course of blood flow in the major vessels of the foetal 
circulation, as shown by the arrows in Fig. 3. 

Preliminary experiments showed that it was possible to obtain a quantita- 
tive estimate of the proportion of blood entering the right and left atria from 
the inferior vena cava. These estimates show that on the average con- 
siderably more than half the blood entering either atrium comes from the 
inferior vena cava (Table 5). A greater proportion of the total blood entering 
the left atrium is derived directly from the inferior vena cava (through the 
foramen ovale, mean 79%) than for the right atrium (mean 62°). Since part 
of the blood passing through the lungs to the left atrium originally came from 
the inferior vena cava, the total contribution of the inferior vena caval blood 
to the left atrium is even greater than appears at first sight (mean 91%). 

These observations suggested that very much more blood was returning to 
the heart through the inferior vena cava than through the superior vena cava. 
The external appearances of the two vessels, when the right side of the chest 
was opened, supported this conclusion; whereas the inferior vena cava was 
firmly distended with rather pink blood the superior vena cava contained 
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dark blue blood and was not fully distended, but pulsated vigorously with 
each heart beat. It was therefore not surprising that the-lateral pressure in 
the thoracic inferior vena cava was found to be substantially greater than 


that in the superior vena cava. A detailed account of these pressure measure- 
ments will be given elsewhere. 


_ Taste 4. Oxygen content of blood samples from various sites in foetal lambs 
O, content (ml./100 ml.) of samples from 


: 
> ca 
Lamb Age Wt & 
no. (days) (kg) Sample min u i 6 f pt v (ml/100ml,) 
339 — 125 16 — 104 — — 63 167 
1399 04 — 96 — 35 145 
43 1401 7 211d — —~ 63 159 
41 — 195 104 — — 67 
— 07 — 41 
346B* 140 6-0 17 — 97 8672 BI — — 43 164 
$45A* 142° 67 816449 — — 41 42 


97 84 81 69 56 38 33 23 

63 123 112 96 89 76 20 34 43 13-7 
73 123 103 97 86 7:7 39 32 44 

566 127 90 86 78 72 35 $f 49 14-1 
67 125 87 83 82 81 34 38 53 - 

60 151 13:3 120 11-7111 f 55 (5-5)§ 19-5 
77 163 12-7. 123112102 48 


& 


351 141 3-2 50 124 109 10:7 100 93 53 58 60 16-3 
56 126 11-7 112104 93 51 60 60 
360 — 3-3 101 129 06 95 89 80 59 33 49 16-9 
109 114 96 89 83 74 43 29 45 
* Hampshire-Clun Forest cross. + One of twins. 


t Where either abdominal I.V.C. or portal vein sample was not available, the oxygen content 
of the available sample was taken as the mean for subsequent calculations. 
§ Sample contaminated; the figure of 5-5 is assumed from the subsequent observation 348. 


A quantitative estimate of the relative flows through the thoracic inferior 
and the superior venae cavae requires the simultaneous determination of the 
oxygen content of blood in the thoracic inferior vena cava, the superior vena 
cava, pulmonary trunk, femoral and carotid arteries, together with the 


assumptions detailed above. In the seven lambs on which these determinations 
37 PHYSIO. CXXVI 


344* 143 4-9 
352 142 4-8 1 
348 142 2-7 
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have been made (Table 5), it will be seen that the flow through the thoracic 


inferior vena cava was on the average 4 times that through the superior 


vena cava. 


A 


Fig. 3. Diagram showing the percentage saturation with oxygen of the blood 
in the principal foetal vessels. 


The relative flow through the great vessels in terms of the combined 
output of both ventricles 
In the foetus both ventricles work in parallel to drive blood from the great 
veins to the aorta. It therefore seemed more reasonable to calculate the 
volume of blood flow through each of the great vessels as a fraction of the 
combined output of both ventricles, rather than to use the output of a single 
ventricle as the reference volume flow, as in the adult. The results on six 
lambs (eleven observations) are shown in Table 6. It is not mathematically 
justifiable to use these figures (which are the means of flows each of which 
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was calculated independently), in association with the mean figures for 
oxygen contents, in order to calculate the mean flow of oxygen. We have | 
therefore calculated the mean figures for oxygen percentage saturations 
observed in the last six lambs of Table 4 and used these for illustrating the 
mean distribution of oxygen percentage saturations (Fig. 3) and for calcu- 
lating the relative blood flows and relative oxygen flows shown in Figs. 4 and 5. 
The figures of Table 6 and of Fig. 4 are therefore derived in different ways. 


Tas_z 5. Estimates of proportionate blood flow in foetal lambs 


% of total flow into 
R ti 
From = LV.C. via Desc. of flow 
R.A. LV.C. R. heart Total aorta LV.C. 8.V.C.: 
from via and from from — from LV.C, 
LV... F.O. lungs LV.C, D.A. placenta (8) 
Equation (1) (2) (3) (2) + (3) (4 (5) (11) 
Mean 62 79 12 91 76 0-24 
about mean +119 +75 +6-0 +78 +0-10 
No. of observa- 22 21 2 21 13 ll 13 


TaB_Ee 6. Blood flow through the major vessels of the foetal lamb expressed as a percentage 
of the combined output of both ventricles (+s.p.) 


R. ventricle + L. ventricle Q2+Q, 100 

R. ventricle Qe 45443 
L. ventricle 55+43 
Thoracic inferior vena cava Q; 76+6-6 
1L.V.C, flow to right heart 29+5°6 
L.V.C, flow through foramen ovale Qo 46+56 
Superior cava + coronary veins Qeere) 15+3-0 
Lungs 10458 
Ductus arteriosus Qn 35+8:2 
Hinder part of bod G 19400 

inder = 


A number of interesting points emerge from a study of these figures. Thus 
the relatively high oxygen saturation of umbilical venous blood (volume flow 
55%; O, saturation 80%) is considerably reduced (to 67%) by a much 
smaller volume of relatively unsaturated portal and abdominal caval venous 
blood (volume flow 18%, O, saturation, mean 26-5%). Similarly, in the left 
atrium the blood passing through the foramen ovale (volume flow 46%; 
O, saturation 67%) is further diluted by pulmonary venous blood (volume 
flow 12%; O, saturation 42%) to give an oxygen saturation in the blood 
supplying the heart and brain of 62%. The blood entering the right atrium 
is composed of a relatively well oxygenated stream from the inferior vena 
cava (volume flow 27%; O, saturation 67 %), together with the superior caval 
and coronary blood (volume flow 15%; O, saturation 25%) which mix to 


give an oxygen saturation in the pulmonary trunk of 52%. Part of this 
37-2 


tions 
4 
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passes through the ductus arteriosus (volume flow 30%; O, saturation 52%) 
to mix with blood coming from the left heart through the aortic isthmus 
(volume flow 43%; O, saturation 62°) and is returned to the placenta and 
lower part of the body with an oxygen saturation of 58%. 


Flow of blood 


Fig. 4. Diagram showing the relative distribution of blood fiow in the foetus, given as percentages 
of the combined ventricular outputs; calculated from the mean oxygen saturations (the 
values do not therefore exactly correspond with the figures in Table 6). 


The figures of Table 6 show that on the average more than half (57%) the 
combined output of both ventricles goes to the placenta, only 10% passes 
through the lungs and the remainder is distributed in almost equal quantities 
between the upper and lower parts of the body. Very considerable quantities 
of blood pass through the foramen ovale (46%), the ductus arteriosus (35%) 
and the aortic isthmus (38%). 
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Table 6 also shows that the output of the left ventricle is significantly 
greater than that of the right ventricle. This is not really as surprising as might 
at first appear. There is no obvious reason why the output of the two sides 
of the heart should be equal in the foetus; on the contrary, although they 


Flow of oxygen 
0-9 


0-8 1:7 
Hindquarters 


20 


Fig. 5. Relative flows of oxygen in ml. (for a combined ventricular output of 100 ml.) in the 
principal foetal vessels, calculated from the relative blood flows and the mean oxygen 
contents of the vessels. 


eject blood against an arterial pressure which is approximately the same for 
both, because of the wide bore of the ductus arteriosus which connects the 
aorta and the pulmonary trunk, the filling pressure may be substantially 
different. During atrial contraction it is likely that the valve of the foramen 
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ovale closes, so that one might expect the peak pressure in the left atrium to 
exceed that in the right atrium. Moreover, there appears to be a systematic 
difference between the thickness of the walls of the ventricles. We have made 
measurements on the ventricular walls of the hearts from thirteen lambs, 
discarding the interventricular septum. Table 7 shows that there is little 
difference between the weights or surface areas of the two ventricles; however, 
when the thickness of each ventricular wall was calculated, assuming a specific 
gravity of 1-0, in every heart the wall of the left ventricle was thicker than that 
of the right ventricle, a point that is not illustrated so effectively in the mean 
figures, but which was apparent on inspection. While these measurements do 
not of course afford direct confirmation of the conclusion that the outputs 
of the foetal ventricles are unequal, they are consistent with that conclusion 
in that they demonstrate an anatomical difference between the two sides of the 
heart. 


TaBLE 7. Measurements on the two ventricles (excluding the interventricular septum) 
from the hearts of thirteen lambs (+8.p.) 


Mean weight of Mean surface area of Mean thickness of 
(g) (g) (cm*) (cm*) (mm) (mm) 
8-5-4-3-8 9-143°3 17-7463 15-9441 4-8 40-96 5-640-52 


The relative flow of oxygen in the foetal circulation may be calculated by 
multiplying the relative blood flows by the oxygen contents for each vessel. 
Fig. 5 illustrates the resultant distribution of oxygen flow as calculated from 
the mean oxygen contents and blood volume flows of the last six lambs of 
Table 4. This figure illustrates the principle of the method whereby the pul- 
monary oxygen consumption may be calculated in terms of the total foetal 
oxygen consumption. The mean pulmonary oxygen consumption was 
7-9+4-7% of that of the whole foetus. 

The placental oxygen uptake, calculated as [Qp(u—/)]/100 came to a mean 
value of 1-94 + 0-27 ml. O, per min, assuming the combined ventricular output 
to be 100 ml./min. Now various estimates of foetal oxygen consumption are 
available; thus Barcroft, Kennedy & Mason (1939) give a figure of 4-8 + 1-5 ml./ 
kg/min during the second half of gestation, based on observations on seven 
lambs (age 111-152 days) in which the rate of decline of carotid arterial 
oxygen content was observed after ligation of the umbilical cord, and the 
decrement/min multiplied by the blood volume. We have checked this esti- 
mate in two ways. 

In the first series of experiments, which will be described in detail in a 
subsequent paper, we measured umbilical blood flow directly, and also the 
oxygen content of umbilical arterial and venous blood. Hence a mean 
figure for foetal oxygen consumption of 4-6 + 1-7 ml. O,/kg/min was calculated 


« 

é 

~ 

4 


) 


FOETAL CIRCULATION 579 


in five anaesthetized lambs. In the second series of experiments seven 
anaesthetized lambs were artificially ventilated after delivery by caesarian 
section and tying the umbilical cord. The oxygen uptake was measured either 
by ventilating with a closed circuit system connected with a spirometer and 
soda lime and filled with oxygen, or by ventilating with air and measuring 
the oxygen content of the expired gases. The rate of oxygen consumption 
(Table 8) of seven lambs came to 4-2 + 1-2 ml./kg/min which agrees remarkably 
well with the figures quoted above and suggests that foetal oxygen consump- 
tion is not altered by tying the umbilical cord and ventilating the lungs. The 


TaBLe 8. Oxygen consumption of newly delivered lambs artificially ventilated 


Lamb Age Weight u u Ventilated 
no. (days) (kg) (ml./min) (ml./kg/min) with 
309A 136 1-89 7 3-7 0, 
309 B 136 2-62 11-5 4-4 O, 
310 137 4-08 13 3-2 O; 
140 3-19 13-5 4-2 0, 
333 135 2-86 17-5 6-1 Air 
331 131 2-89 7 2-4 Air 
334 129 2-13 ll 5-2 Air 

Mean +8.D. 4:2+1-2 — 


mean of these estimates for foetal oxygen consumption is 4-5 ml./kg/min, and 
if this is the true placental oxygen uptake, then the combined ventricular 
output will be 100 x =~ = 230 ml./kg/min. This falls within the range observed 
by Barcroft & Torrens (1946). The mean umbilical flow should be 57% of the 
cardiac output (Table 6), or about 130 ml./kg/min. Cooper, Greenfield & 
Huggett (1949), using a venous occlusion plethysmograph, observed an um- 
bilical blood flow of 138 + 31 ml./min in four foetal lambs which were in good 
condition and of 130 days maturity or more. Our own direct measurements of 
umbilical blood flow, referred to above, gave a figure of 98 + 19-4 ml./kg/min 
in nine lambs. These observations provide a satisfactory check of the umbilical 
arteriovenous oxygen differences recorded in this paper. 


DISCUSSION 

We have found it necessary to make a number of assumptions in order to_ 
calculate the relative volume of blood flow in the principal vessels of the 
foetus from measurements of oxygen content. It is desirable to examine these 
one by one and to conclude, where possible, what effect any error involved 
in these assumptions will have upon subsequent calculations. It was assumed: 
(1) That the uptake of oxygen by the placenta was exactly equalled by the 
consumption of oxygen in the foetus. Variation from the steady state might 
occur in either direction and to an unpredictable extent. When the preparation 
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was completed, a reasonable time, roughly 10 min, intervened before samples 
were withdrawn. The fact that the oxygen content of consecutive samples 
agreed so closely suggests that no systematic variation from the steady state 
occurred. 

(2) That blood leaving the heart by the brachiocephalic and coronary 
arteries returned to the right atrium through the superior vena cava and 
coronary veins, and that blood flowing down the descending aorta returned 
by the inferior vena cava alone. It is unlikely that a significant quantity of 
blood reaches the inferior vena cava from the internal mammary arteries, or 
the superior vena cava from the intercostal arteries; but there is no quantita- 
tive information on this point. 

(3) That no oxygen was removed from umbilical venous blood during its 
passage through the liver. Part of the umbilical venous blood enters the 
inferior vena cava directly through the ductus venosus; the remainder comes 
into contact with liver tissue. If oxygen is removed during its passage through 
the liver, this will lead to an underestimate of placental blood flow. 

(4) That the mean oxygen content of the portal venous and abdominal 
inferior vena caval blood streams is a true measure of the oxygen content of 
the blood which mixes with umbilical venous blood to form the thoracic 
inferior vena caval blood. Variations in this estimate will only affect the 
calculation of placental blood flow to a small extent, since the oxygen content 
of both umbilical venous (u) and thoracic inferior vena caval blood (%) is so 
much greater than that of portal venous (v) or abdominal inferior vena caval 
blood (a). | 

(5) That the mean oxygen content of blood entering the right atrium from 
the superior vena cava and coronary veins is 0-9 vol. % less than that of 
superior vena caval blood. The effect of this correction is to lower slightly the 
estimate of @ (the ratio of superior to inferior vena caval flow) from 0-28 to 
0-24. It only affects the general conclusions as to the relative distribution of 
blood flow to a small extent. 

(6) That the mean oxygen content of pulmonary venous blood is 1-6 vol. % 
less than that of pulmonary arterial blood. (An increase in the estimate of 
pulmonary venous oxygen content causes an increase in the calculated 
pulmonary blood flow and vice versa.) This is in our opinion the most risky of 
these necessary approximations, and probably explains the large standard 
deviation of the estimate of relative pulmonary blood flow. Yet the estimated 
figure of 7-9+4-7% for pulmonary oxygen consumption agrees surprisingly 
well with the figure of 7%, derived by Barcroft (1946) for mature foetal lambs 
by combining an analysis of the oxygen consumption of tissue slices with a 
knowledge of organ weights, Moreover, we have already shown that when | 
the umbilical cord is tied and the lungs ventilated, pulmonary blood flow 
increases three- to tenfold (Dawes et al. 1953). The estimate of foetal pul- 
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monary blood flow as 10+5-8 of the total ventricular output is therefore 


quite reasonable. 

(7) That the samples of blood withdrawn for analysis were fair mixed 
samples. We have occasionally seen evidence of laminar flow (a small dia- 
phragmatic vein commonly gives rise to a thin dark stream-line in the thoracic 
inferior vena cava) but the close agreement between the oxygen contents of 
successive samples and in estimates of relative flow in different lambs (Tables 4 
and 6) suggests that this is not a serious source of error. 

To summarize, then, it seems unlikely that the assumptions implicit in this 
method of calculating the distribution of foetal blood flow will lead to any 
large systematic error. It may not have a great accuracy, but this is not 
required in obtaining a comprehensive view of the foetal circulation, which 
must vary considerably from one lamb to another. 

The various ways in which these conclusions can be checked by other 
observations on the foetal circulation have already been considered with the 
results. The possibility of providing a direct check of the method by measuring 
flows directly in two different vessels simultaneously certainly merits further 
study, but will involve even greater surgical interference. 


The physiological conditions of the experiment 

The difficulty in determining to what extent the conditions of the experi- 
mental procedure modified the result from that which would have been 
obtained in the unanaesthetized lamb in utero is obvious. Interference with 
natural conditions took three forms, barbiturate anaesthesia, removal from 
the uterus and surgical procedures. Barcroft, to whose pioneer work all 
investigators in this field are so much indebted, took the most elaborate care 
in trying to preserve intra-uterine conditions, and it is therefore instructive to 
compare the physiological state of our experimental animals with that during 
his observations. The systemic arterial pressures of our lambs were well within 
the normal range, the carotid arterial oxygen percentage saturations showed 
no evidence of progressive deterioration and were, in fact, significantly higher 
(62:3 +5-3, last seven lambs of Table 4) than those observed by Barcroft, 
Barron, Cowie & Forsham (1940) (49-1+9-7, seven lambs 130 days old or 
more). We have indeed a strong impression that the combination of light 
pentobarbitone anaesthesia (which is preferable to dial-urethane) with the 
ewe lying on her side so that respiratory movements are not impeded by the 
weight of the abdominal viscera and with the foetus so disposed that it lies in 
the same horizontal plane as the placenta results in a better oxygenated 
foetus. Local anaesthesia of the ewe gives a lamb which is unanaesthetized 
but which has a low arterial oxygen saturation, possibly because the mother 
is tense and the maternal blood flow to the placenta restricted in quantity. 
Spinal anaesthesia is believed to cause a fall in maternal blood pressure; we 
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have no personal experience of its effect on foetal oxygenation. The conditions 
in our experiments were therefore as close to intra-uterine as could be achieved 
under the circumstances. 

On the other hand, both femoral arteries and veins were ligated, so that the 
arterial pressure could be measured and catheters introduced. This will have 
reduced the volume of blood flow through the hindquarters. Although this is, 
only a part of the volume flow through the lower part of the lamb (which also 
includes that through the trunk and intestines) it is true that this volume flow 
in the intact foetus will be somewhat greater. 


Mixing of blood streams outside the heart 


The relative volume flows of blood in various ‘foetal vessels may be com- 
pared with those anticipated by previous workers. Thus Barcroft (1936, 1946) 
was led from a consideration of the oxygen contents of the umbilical vein, 
carotid artery and umbilical artery to conclude that the placental blood flow 
was large relative to that through the hinder part of the body. Our figures 
show that a mean of 76% of the thoracic inferior vena caval blood has come 
from the placenta. Barcroft (1946) also suggested from the measurements of 
cardiac output (using a cardiometer) on foetal goats and of placental flow (by 
an application of Fick’s principle) on foetal lambs that the flow through the 
placenta amounted to not less than half the cardiac output. The mean figures 
for placental flow in Table 6 came to 57% of the combined output of both 
ventricles. The probable effect of errors in the method is to underestimate 
placental flow. 

Barron (1944) suggested that the output of the two ventricles in the foetus 
might be equal, on the basis of equality in capacity (Pohlmann, 1909) and in 
intraventricular pressure (Hamilton, Woodbury & Woods, 1937). The figures 
recorded in Table 6 show that there is a significant difference between the 
output of the two ventricles, that of the left ventricle being as much as 
20% greater than that of the right ventricle. There is certainly no physio- 
logical reason why the output of the two ventricles should not differ in the 
foetus; their function is quite clearly to drive blood from the venous to the 
arterial side of the circulation by working in parallel. The presence of the 
foramen ovale and ductus arteriosus, through which such a large proportion of 
blood flows, allows this to occur. 

From the physiological point of view the foetal lungs occupy the same 
position in the circulation as the forequarters or hindquarters of the body; 
they constitute a high resistance circuit through which blood flows from the 
arterial to the venous side of the circulation, losing oxygen in the process. 
It is only an anatomical accident, related to their future function in post-natal 
life, that their blood supply is drawn directly from the right ventricle, and 
drains directly into the left atrium. With these considerations in mind it seems 


4 
| 
i 
2 
af 
3 
= 


FOETAL CIRCULATION 583 


much more reasonable to ask why the outputs of the two ventricles should be 
nearly equal as they would appear to be, rather than to be surprised that they 
are unequal. What in fact does determine their relative proportion? Is the peak 
atrial pressure and hence the ventricular filling pressure one of the principal 
factors which determines cardiac output in the foetus? 

Barcroft (1938) suggested that more blood entered the descending aorta 
from the right ventricle than from the left ventricle, since obstruction of the 
pulmonary trunk caused a greater fall in femoral arterial pressure, than did 
obstruction of the aortic isthmus (the arch beyond the origin of the brachio- 
cephalic artery). Observations recorded previously (Dawes et al. 1953) on 
ten lambs showed that about half the blood in the descending aorta came 
through the ductus arteriosus, though the range of variation was wide (29- 
80%). The figures recorded in the present paper are in agreement with this 
conclusion. When these observations are combined with those in the previous 
paper, giving a total of twenty-three observations on seventeen lambs, it may 
be seen that 48 + 13 % of the blood flowing down the descending aorta came 
through the ductus arteriosus. 


Mixing of blood streams within the heart 

The evolution of the theory that the blood streams from the superior and 
inferior venae cavae do not mix completely during their passage through the 
heart has been reviewed by Barclay, Franklin -& Prichard (1944). Apart from 
anatomical considerations this theory is based on the observations of Huggett 
(1927), Adair, Barcroft, Barron, Goodman, Hall, Hayasi, O’Brien, Pace & 
Phillips (1936) and Barcroft et al. (1940) that the oxygen content of the blood 
from the carotid artery is greater than that in the umbilical artery. In 1939, 
Barclay et al. made a series of angiographic observations on the course of 
the circulation in the foetal sheep. They concluded that the main portion of 
the inferior vena caval stream passed through the foramen ovale to the left 
atrium; a smaller quantity joined the whole of the superior vena caval stream 
in the right atrium. In the experiments recorded in the present paper on the 
average 60°% of the total inferior vena caval flow passed through the foramen 
ovale; the proportion did net exceed 69% in any experiment. The figures in 
Table 5 for the relative mixing in the right and left atria show that if con- 
trast medium had been injected into the thoracic inferior vena cava its con- 
centration would be reduced in the right atrium to 62% of that injected, and 
in the left to between 79 and 91 % according to whether or not the flow through 
the lungs is taken into account. The two methods of observation are therefore 
in agreement. 

Everett & Johnson (1950) infused a solution containing radioactive phos- 
phorus into the umbilical vein of foetuses, and observed that the mean relative 
concentrations in the right and left ventricles were 1:3-1 (guinea-pigs) and 
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1:2: (dogs). The samples were taken on the average 14 sec after the beginning 
of infusion, so it is virtually certain that **P was passing through the lungs to 
the left heart. The relative concentrations to be expected from the data on 
lambs (Table 2) would be 62:91 or 1:1-5. The differences between species and 
the degree of maturity of the foetuses may obviously affect this ratio. 

Everett & Johnson (1950) also observed, on infusion into the superior vena 
cava, that the radioactivity of blood withdrawn from the right and left 
ventricles was 2°9:1 (guinea-pigs) and 3-4:1 (dogs). They concluded that 
approximately one-fourth of the external jugular blood is directed from the 
right atrium through the foramen ovale to the left side of the heart. With this 
conclusion we cannot agree, since it is so much more reasonable to suppose that 
the radioactive blood entering the left ventricle had passed through the lungs; 
it is not necessary to conclude from the evidence presented that any blood 
flows from the superior vena cava through the foramen ovale to the left 
atrium. The figures of Table 5 show that on the average 21% of the blood 
entering the left atrium comes through the lungs, i.e. from the right atrium. 
The relative concentrations in the right and left ventricle of a substance 
introduced via the superior vena cava will therefore be 100:21 =4-8:1, a ratio 
which is not grossly dissimilar from that observed by Everett & Johnson, 
bearing in mind the differences in species and techniques and the large varia- 
tions between individual animals. 

The reasons for believing that blood does not pass from the superior vena 
cava to the left atrium through the foramen ovale are as follows. First, the 
anatomical arrangement is such that the foramen ovale lies between the 
inferior vena cava and the left atrium, and not directly between the two atria. 
Secondly, Table 6 shows that on the average 4 times as much blood passes 
into the heart from the inferior vena cava as comes from the superior vena 
cava, and moreover 62% of the blood in the right atrium comes from the 
inferior vena cava. Consequently, if any blood passes from the right atrium 
through the foramen ovale it can only do so if the large volume flow from the 
inferior vena cava to the right atrium were to reverse at some point during the 
cardiac cycle. Thirdly, the mean pressure in the inferior vena cava is greater 
than that in the left atrium, which in turn is greater than that in the right 
atrium (Dawes, Mott & Widdicombe, unpublished). 

With this picture of the foetal circulation in mind (see Figs. 3 and 4), and it 
is essentially a quantitative analysis of the account given by Barclay e¢ al. 
(1944), we are now in a position to assess the effect of the mixing of the two 
blood streams in the heart on the oxygen content of the blood supply to the 
heart and brain. The original view, that the well-oxygenated thoracic inferior 
vena caval stream was not contaminated in its passage through the heart, is 
not correct in the mature foetal lamb. It is true that it passes directly from 
the inferior vena cava through the foramen ovale without contamination from 
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superior vena caval blood. Having reached the left atrium it is there mixed 
with a substantial quantity of pulmonary venous blood, about one-fifth of the 
left ventricular output, whose oxygen content has been reduced by passing 
through the lung. The oxygen content of the blood in the carotid artery is 
therefore somewhat less than that of inferior vena caval blood, and con- 
siderably less than that of umbilical venous blood. 

The blood which reaches the heart through the superior vena cava is, on 
the other hand, substantially increased in oxygen content by mixing firstly in 
the right heart with a considerable proportion of inferior vena caval blood, and 
secondly in the descending aorta with blood which has traversed the aortic 
isthmus. The blood which passes down the descending aorta is therefore quite 
close in oxygen content to that which perfuses the heart and head. One cannot 
help being struck not by their difference in oxygen content, as emphasized by 
Huggett (1927), and others since, but rather, having regard to the anatomy of 
the foetal circulation, by their similarity. This similarity is assured by the 
fact that the superior vena caval bloodstream (15°, of combined ventricular 
output) is joined in the right atrium and descending aorta by large volumes of 
blood derived originally from the inferior vena cava (which together con- 
stitute 60% of the combined ventricular output). And of course it is obviously 
desirable that the blood perfusing the hindquarters shall not be too deficient 
in oxygen content. 
are now in a position to see how the foetal circulation works and how 
oxygen is distributed therein. The real clue to the puzzle is given by the 
astonishingly large volume of blood flow through the placenta, on the average 
nearly 60% of the combined ventricular output. This is joined in the inferior 
vena cava by about two-fifths of the remainder, which has passed through the 
hindquarters, and together these constitute more than three-quarters of the 
cardiac output. This volume of blood flow is so large that it makes very little 
difference to what extent intracardiac mixing takes place either in the right 
or the left atrium. However, it must be remembered that the present study 
was concerned only with mature foetuses, within some 10 days of term and 
under reasonably good physiological conditions. In immature foetuses, or 
under, say, asphyxial conditions, the distribution of blood flow may well 
differ, 


The changes in the circulation at birth 

Before birth it is clear from Fig. 2 that both ventricles are driving blood 
from the great veins to the aorta in parallel, as Harvey appreciated. At birth 
the umbilical cord is divided and placental flow ceases. The lungs are expanded 
and pulmonary vascular resistance falls. Thus the lungs take the place of the 
placenta in the foetal circulation. The relative volume flow through the lungs 
in the foetus (10% of the output of both ventricles) is such that one would 
expect it to increase approximately 4-5 times if it were to accommodate the 
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whole output of the right ventricle, and if the cardiac output is unchanged. 
If in addition as much blood again were to pass from the aorta to the pul- 
monary artery through the ductus arteriosus, as has been estimated (Dawes 
et al. 1953), pulmonary flow would have to increase ninefold. Direct measure- 
ment of flow through the left pulmonary artery in anaesthetized lambs shows 
that there is an increase of three- to tenfold on beginning artificial positive- 
pressure ventilation. 

Although rupture of the umbilical cord is an abrupt event, the expansion 
of the lungs and closure of the ductus arteriosus takes several hours. There is 
therefore an intermediate condition of the circulation, between that in the 
foetus and that in the adult. This neonatal circulation will be described more 
fully in another paper. 

SUMMARY 

1. A method is described by which, with certain assumptions, the relative 
quantity of blood flowing per unit time through the principal vessels of the 
foetal lamb may be calculated in terms of the combined output of both 
ventricles. It is necessary to know the oxygen content of blood at eight 
different points in the foetal circulation, determined simultaneously. 

2. Applying this method to lambs within 10 days of term, it was found that, 
on the average, 57°% of the combined ventricular output flows through the 
placenta, 10% through the lungs and the remainder through the rest of the 
foetus. Very substantial quantities of blood flow through the foramen ovale 
(40°%), ductus arteriosus (35°), and aortic isthmus (38%). 

3. The blood in the foetal pulmonary veins contains less oxygen than that 
in the pulmonary trunk. The lungs consume about 8% of the total foetal 
oxygen uptake. 

4. The output of the left ventricle in the foetal lamb is significantly greater 
than that of the right ventricle. The walls of the left ventricle are thicker than 
those of the right ventricle. 

5. The distribution of the flow of blood and oxygen in the foetus is such 
that the very large volume of well-oxygenated blood flowing from the placenta 
is of predominant importance in determining the distribution of an adequate 
supply of oxygen to the foetal tissues. Such mixing, or lack of mixing, as 
occurs within the foetal heart has little significance since the placental flow 
is so great. 

6. The changes in the circulation which are to be expected at birth, on 


tying the umbilical cord and ventilating the lungs, are discussed in relation 
to this picture of the foetal circulation. 


We are most grateful to the Nuffield Foundation and the Medical Research Council for grants 
for apparatus and sheep which made this work possible, and also for a grant to J. G. W. 
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ASSAY OF OXYTOCIN IN BLOOD 


By G. W. BISSET anv J. M. WALKER 
From the Department of Pharmacology, University of Oxford 


(Received 30 June 1954) 


The antidiuretic hormone (ADH) of the neurohypophysis can be detected and 
assayed in blood and urine by numerous methods, and the conditions under 
which it is released have therefore received much attention (for review see 
Heller, 1951); the release of oxytocin has been less thoroughly investigated 
owing to the difficulty of assaying this hormone in body fluids. Methods using 
the uterus of the rat or guinea-pig in situ have not proved suitable for quantita- 
tive work, while assay on the fowl’s blood pressure (Coon, 1939) is not sensitive 
enough to estimate the small amounts of oxytocin likely to be present in blood. 

By applying a method described by Melville (1937) for extracting ADH 
from blood with acid alcohol, we have obtained concentrated extracts which 
can be assayed for oxytocic activity on the isolated uterus of the rat, and we 
have used this method to determine the amount of oxytocin in the blood of 
rats under ether anaesthesia. 


METHOD 
Preparation o {the extracts. Male albino rats, weighing from 260 to 360 g, were anaesthetized with 
ether and given heparin, 4 units per 100 g, by injection into the saphenous vein. One minute later 
the carotid artery on one side, or the external jugular veins on both sides were cut, and the blood 
was collected in a vessel containing enough heparin to give a concentration of 4 units per ml. of 
blood. The blood was mixed with 9 vol. 80 % (v/v) ethanol, and x-H,SO, was added until the solution 
was blue to Congo Red. The mixture was left standing for 3 hr at room temperature with frequent 
shaking. The precipitate was removed by centrifuging and the supernatant concentrated in vacuo 
to about one-tenth its original volume, the temperature of the bath not exeeeding 45°C. The concen- 
trated extract was then centrifuged and the precipitate discarded. The flask was thoroughly washed 
out with small amounts of 80% (v/v) ethanol, and the washings, together with the supernatant, 
were transferred to a clean flask and evaporated in vacuo almost to dryness. The residue was taken 
up in about 10 ml. distilled water and centrifuged, and the supernatant left overnight at room 
temperature in an open Petri dish to evaporate to dryness. The new residue was then dissolved 
in about 5 ml. distilled water and, in order to remove potassium, the solution was in most cases 
dialysed in a Cellophane membrane (Nojax casings 8/32) against running tap water; for this pur- 
pose 30 min was usually sufficient. If necessary the extract was neutralized after dialysis by the 
addition of N-Na,CO,. If it was kept for any length of time before the assay, the extract was made 

. acid to ensure its stability. | 
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Methods of assay. Extracts were assayed for oxytocic activity against pituitary (posterior lobe) 
extract (PPLE) on the isolated uterus of the virgin rat in oestrus (Holton, 1948). To prevent 
spontaneous contractions, the temperature of the outer bath was kept below 33°C and the 
calcium content of the Locke solution reduced to one quarter normal (Gaddum, Peart & Vogt, 
1949) ; the dextrose content was not reduced. With an inner bath of about 2 ml. capacity, the assay 
doses of PPLE used were from 0-5 to 40 mU. In experiments with undialysed extracts, 10 ug 
dibenamine hydrochloride was first added to the organ-bath in view of the possibility that 
6-hydroxytryptamine or a related substance might be present as an oxytocic factor (Erspamer, 
1953). A specimen of every extract was treated with 0-01 m-sodium thioglycollate at pH 7-5 for 
30 min, a procedure which specifically inactivates hormones of the neurohypophysis (van Dyke, 
Chow, Greep & Rothen, 1942; Ames & van Dyke, 1952). 

Assays for antidiuretic activity were done by the method of Ames & van Dyke (1952). 


RESULTS 
Non-specific oxytocic activity of extracts. Preliminary experiments showed 
that extracts often possessed activity even after treatment with sodium 
thioglycollate. The possibility that this was due to potassium was investigated 
in the following way. After treatment with thioglycollate extracts were 
assayed on the isolated uterus against a solution of potassium chloride, di- 
benamine having previously been added to the bath. The KCl concentration 


TaB_Le 1, Concentration of potassium in extracts 


Volume of Potassium in mg KCl/ml. extract 
blood Volume of r A 5 
extract Assay on By flame 
(ml.) (ml.) uterus photometer 

12-6 4-6 5-4 5-0 
6-5 3-1 5-4 4-0 
19-5 8-3 6-4 6-6 
Mean 5-7 5-2 


was also estimated directly by a flame photometer. The results of three cén- 
secutive experiments are given in Table 1. The effect of dialysis on the potas- 
sium content of the extract in the third experiment is shown in Fig. 1. It will 
be seen that after 30 min the concentration of potassium was reduced to 
1-2 mg/ml. At this concentration the largest dose of extract used in assays 
(0-4 ml.) would contain 0-48 mg potassium, an amount which on most prepara- 
tions is below the minimum effective dose. Fig. 2 shows the result of an experi- 
ment in which samples of a mixture of KCl and PPLE were dialysed for 5, 10 
and 20 min and tested on the uterus before and after treatment with sodium 
thioglycollate. 0-1 ml. of this mixture contained 1 mg KCl and 1 mU PPLE, 
After dialysis for 20 min the specimen which had been treated caused no 
contraction, presumably because the amount of potassium remaining was too 
small to have an effect. The untreated specimen still gave a contraction equal 
to that previously given by 1 mU PPLE. 

Recovery of PPLE from aqueous solution and from blood. In a preliminary 
series of experiments, 100 mU PPLE was added to 5 ml. water or carotid or 
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Fig. 1. The effect of dialysis on the potassium content of an extract. 


Fig. 2. Rat’s uterus. The effect of dialysis on a mixture containing 10 mg KCl and 10 mU 
PPLE/ml. P=1-0 mU. M=0-1 ml. of the mixture dialysed for 5, 10 or 20 min. MT =0-1 ml. 
of the same mixture treated with 0-01 m-sodium thioglycollate. 
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jugular blood, and extracts were assayed for oxytocic, and in some cases also 
for antidiuretic, activity. Results are given in Table 2. Figs. 3 and 4 are taken 
from a typical experiment and show that in an extract from blood both 
oxytocic and antidiuretic activities were abolished by treatment with sodium 
thioglycollate. 


TaBiE 2. Recovery of added PPLE from aqueous solution and from blood 


Percentage recovery of activity 
Extract from Oxytocie Antidiuretic 
Aqueous solution 70 pees 
72 74 
70 ane 
71 62 
88 
92 116 


mi. O2mi. O2mi. 02 mi, 
ime 0 10 20 30 min 


Fig. 3 Fig. 4 

Fig. 3. Rat’s uterus. Oxytocic activity of an extract (volume 8-0 ml.) prepared from 5-0 ml. 
carotid blood to which 100 mU PPLE had been added. P=PPLE 10 mU/ml. E =extract. 
ET ~extract treated with 0-01 m-sodium thioglycollate. The figures give, for each solution, 
the volume in ml. that was added to the bath. 

Fig. 4. Male rat, 260 g, anaesthetized with ethanol. Intravenous injections. Antidiuretic activity 
of the same extract as in Fig. 3. P=PPLE. E=extract. ET =extract treated with 
0-01 m-sodium thioglycollate. 


To determine the cause of the loss of 30 % of activity in extracts from aqueous 
solution (see Table 2) an extract was divided into two parts. The first was 
assayed immediately and 95% of the activity was recovered; the second, 
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which was evaporated to dryness overnight and on the following day made up 
to its original volume, retained only 70% of its original activity. The experi- 
ment was repeated with an extract of carotid blood to which PPLE had been 
added and it was found that in this extract there was no loss of activity caused 
by evaporation to dryness overnight. Apparently blood extracts contain some 
protective factor which prevents destruction of oxytocin. 

Endogenous oxytocin in jugular venous blood. The fact that there was 110- 
115% recovery of added hormone from jugular venous blood suggested that 
endogenous oxytocin might be present in the extracts and this appeared 
reasonable since in the rat the main venous drainage of the brain and pituitary 
is by the external jugular vein (Greene, 1935). Extracts of jugular venous 
blood withdrawn under ether anaesthesia were therefore assayed for oxytocic 
activity and Table 3 summarizes the results. In the first three experiments the 
undialysed extract was assayed before and after treatment with thioglycollate, 
and the content of oxytocin estimated by difference. A final assay was then 
carried out after elimination of non-specific activity by dialysis. The concen- 
tration of oxytocin in the blood ranged from 1-7 to 6-8 mU/ml. with a mean of 
3-9mU/ml. Fig. 5 is taken from Expt. 3 to show that the activity of the 
extract was abolished by treatment with thioglycollate. 


DISCUSSION 
Table 1 shows that in three consecutive experiments the estimates of potassium 
content of extracts by biological assay and by flame photometer were in close 
agreement. This indicates that in these experiments, after exclusion of oxytocin 
and 5-hydroxytryptamine, all the activity could be accounted for by potas- 
sium. In a few experiments, extracts were made from plasma instead of whole 
blood in order to exclude interference from potassium, but this method gave 
low and inconsistent recoveries of added hormone and was therefore abandoned. 

Occasionally the activity of extracts treated with thioglycollate could not be 
explained by the presence of potassium alone, and an additional factor, which 
we have not identified, appeared to be involved. This possible source of error 
was avoided by accepting as valid only those experiments in which the activity 
of the extract was abolished by sodium thioglycollate. 

In our experience the length of time required to remove non-specific activity 
by dialysis depends both on the relative sensitivity of a uterus to non-specific 
substances and to oxytocin, and also on the concentration of the extract. For 
example, in Table 3, Expt. 1, the first assay was done on a uterus which was 
insensitive to any interfering factors; the second and third assays were done 
on a different uterus which proved to be more sensitive to those factors than 
to oxytocin, with the result that dialysis for 30 min reduced the activity of the 
treated extract by 74% but did not abolish it. In Expts. 2 and 3 dialysis for 
30 min was effective, but in Expt. 4 a further period of 20 min was required. 
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TaB_e 3. Endogenous oxytocin in jugular venous blood 


} Oxytocic re of extract 
mU PPLE/ml. 
| 
No.of Vol. Vol. Period of treatment Activity of 
rats blood = extract dialysis with thio- - blood 
Expt. used (mil.) (min) Total  §glycollate Difference mU/ml. 
l 2 9-5 6-4 — 75 0-0 7-5 5-1 
17-0 9-7 7:3 4-9 
30 10-0 2-5 75 5-1 
2 1 4:5 5-4 — 21: 16-1 5-7 6-8 
30 5-2 0-0 5-2 6-2 
3 1 5-8 4-0 3-8 13 2-5 1-7 
30 2-9 0-0 2-9 2-0 
4 1 4-9 5-5 50 2-1 0-0 2-1 2-4 : 
5 4+ 30-3 6-0 60 14-0 0-0 14-0 2-8 
6 2 12-6 4-6 _ 6-2 0-0 6-2 2-3 
Mean 3-9 


Fig. 5. Endogenous oxytocin in jugular venous blood (Expt. 3, Table 3). E —extract dialysed for 
30 min. ET =the same extract treated with 0-01 m-sodium thioglycollate. P=PPLE 
10 mU/ml. 
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In Expt. 5 the concentration of potassium in the extract, expressed as KCI, 
was estimated, on a basis of the results shown in Table 1, to be 11-1 mg/ml.; 
dialysis for 60 min was needed in this case to remove non-specific factors. In 
Expt. 6 the uterus was particularly sensitive to oxytocin, and since the largest 
dose required for assay was only 0-1 ml., which contained too little potassium 
or other factor to cause interference, dialysis was unnecessary. In all those 
experiments in which assays were done both before and after dialysis for 30 min, 
comparison of the results shows that no significant loss of oxytocin occurred 
during this period. 

It is interesting to compare our results with those of Ginsburg & Heller 
(1953) who estimated the amount of ADH in the jugular venous blood of rats 
under ether anaesthesia, and found that there was a progressive rise in the con- 
centration of ADH as the blood was withdrawn; from one of the figures in their 
paper it appears that the concentration in the fifth sample was 3-5 mU/ml., 
which is of the same order as the amount of oxytocin found by us. 

A method by which oxytocin and ADH can be estimated in a single blood 
sample should provide a direct approach to the problem of determining 
whether, under different experimental conditions, the ratio of oxytocin to 
ADH released is constant or variable. There is much indirect evidence that the 
two hormones are released independently from the neurohypophysis and in 
variable proportions. Thus electrical stimulation of the hypothalamus in 
rabbits produces a relatively greater oxytocic than antidiuretic effect (Harris, 
1948). In the hydrated rabbit 0-4-1-0mU PPLE causes an inhibition of 
diuresis similar to that caused by suckling, but the amount required to produce 
a ‘let down’ of milk, which is a function of oxytocin, is 50-200 mU (Cross, 
1951). | 
It is proposed to make use of the method described in this paper to investi- 
gate the release of both neurohypophysial hormones in response to drugs such 
as nicotine and morphine which are already known to release ADH. 


SUMMARY 


1. A method is described of preparing extracts of blood which may be 
tested for oxytocic activity on the isolated uterus of the rat. When pituitary 
(posterior lobe) extract was added to blood and extracted, at least 90% was 
recovered. 

2. Potassium was present in some extracts in concentrations high enough to 
have an oxytocic action and thus interfere with the assay, but it was removed 
by dialysis without significant loss of oxytocin. 

3. Blood from the external jugular veins of male rats anaesthetized with 
ether was found to contain an oxytocic substance which, since it was destroyed 
by treatment with sodium thioglycollate, is presumed to be oxytocin from the 
neurohypophysis. It was present in a concentration of about 2-7 mU/ml. blood. 
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4, The method is equally applicable to both oxytocic and antidiuretic 
hormones, and its possible use in the investigation of neurohypophysial func- 
tion is discussed. 


One of us (G. W. B.) was supported by a grant from the Medical Research Council. 
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THE DISTRIBUTION OF SUBSTANCE P AND 5-HYDROXY- 
TRYPTAMINE IN THE CENTRAL NERVOUS SYSTEM 
OF THE DOG 


By A. H. AMIN, T. B. B. CRAWFORD anv J. H. GADDUM 
From the Department of Pharmacology, University of Edinburgh 


(Received 12 July 1954) 


The pharmacological analysis of extracts of the central nervous system is 
especially interesting because it seems likely that they contain unknown sub- 
stances which might act as chemical transmitters. The vasodilator action of 
brain extracts was described by Schafer & Moore (1896) and has been studied 
by many other workers since that time (Gaddum, 1936). The following known 
pharmacologically active substances may be present: potassium, choline 
(Gulewitsch, 1899), adenylic acid (Pohle, 1929), acetylcholine (Chang & 
Gaddum, 1933; MacIntosh, 1941), histamine (Kwiatkowski, 1943; Euler, 1949; 
Harris, Jacobsohn & Kahlson, 1952), vasopressin (Abel, 1924; Vogt, 1953) and 
noradrenaline and adrenaline (Kuler, 1947; Vogt, 1954). 

The work described here was undertaken in order to study the distribution 
of substance P in the central nervous system. In their first paper on this sub- 
stance, Kuler & Gaddum (1931) detected it in extracts of intestine and brain 
and found more in the basal nuclei than in the cortex, but the details of its 
distribution in the brain have only recently been studied (Pernow, 1953; 
Lembeck, 1953; Kopera & Lazarini, 1953; Zetler & Schlosser, 1953, 1954). 

The pharmacological tests used to estimate substance P were found to be 
sensitive to another active substance in the extracts, and evidence will be 
presented that this substance is 5-hydroxytryptamine (HT), which has been 
identified with serotonin in extracts of blood by Rapport (1949) and with 
enteramine in various other extracts by Erspamer (Erspamer & Asero, 1952; 
Erspamer, 1953). Evidence for the presence of this substance in brain extracts 
has been put forward by Page and his colleagues (Twarog & Page, 1953). 
Methods have now been devised for extracting HT and substance P separately, 
so that the presence of one does not complicate the estimation of the other, 
and data are given for their concentrations in various parts of the brains of 


dogs. A preliminary communication of the main results was made to the 
British Pharmacological Society in July 1952. 
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METHODS 


Standard preparations of substance P 

Several preparations of substance P have been made from horse intestine by the method briefly 
described by Euler (1942). Evaporations in vacuo were all carried out at 45-50° (external 
temperature). The small intestine of a horse was washed and the mucuous membrane scraped 
away. The muscle was minced and distilled water added (1-5 1./kg mince). The suspension was 
adjusted to pH 4 with conc. H,SO, and vigorous stirring, and then heated to almost the boiling- 
point when the pH was adjusted to 5-5-6-0 with n-NaOH. After 3-4 min boiling the mixture was 
cooled and filtered through cotton-wool plugs. The extraction was repeated on the insoluble 
residue, The two watery extracts were combined and evaporated in vacuo to as small a volume 
as possible. To precipitate some of the impurities from the resulting viscous mass, the pH was 
brought to 8 with w-NaOH and 2-5 vol. ethanol added. After standing overnight at 5° C the 
mixture was filtered on a Buchner funnel. The precipitate was resuspended in the minimum 
quantity of water and the treatment with ethanol repeated. The combined ethanolic extracts were 
concentrated in vacuo to as small a volume as possible. The yellow syrupy concentrate was 
acidified to pH 4 with glacial acetic acid and centrifuged to remove a small quantity of insoluble 
material. To precipitate substance P, the solution was adjusted to 60% saturation by the addition 
of saturated ammonium sulphate solution and left overnight at 5°. The precipitate was collected 
by gravity filtration and dissolved in the minimum quantity of distilled water; the substance P 
was reprecipitated by addition of ammonium sulphate to full saturation. The mixture was left 
overnight at 5° and the fawn-coloured precipitate filtered off by gravity and washed with the 
mother liquor. As much as possible of the mother liquor was removed from the precipitate by 
pressing it between filter-papers. The drying was completed in a vacuum desiccator in the presence 
of P,O,. The friable light-buff coloured solid was a crude preparation of substance P. 

On occasion further purification of the crude product was carried out. The crude preparation 
was dissolved in the minimum quantity of distilled water, the pH of the cloudy solution adjusted 
to 8 with n-NaOH and 4 vol. ethanol added. The mixture was partially evaporated in vacuo to 
remove liberated ammonia, the fluid lost by evaporation being replaced with ethanol. The mixture 
was kept at 5° overnight and then the precipitate of inorganic salts and inert proteins removed by 
filtration. The filtrate was concentrated and finally taken to dryness in a vacuum desiccator over 
P,O, and cone. H,S0,. 

Preparation P,, which had been submitted to the additional purification procedure with 
alcohol, was a buff-coloured powder obtained in a yield of 373 mg/kg horse intestine. It was com- 
pared with a standard preparation obtained from Dr U. 8. von Euler for its action on guinea-pig’s 
ileum and was estimated to contain 13-8 of Euler’s units/mg. Preparation P,, a cruder preparation 
which had been used as a standard in meatier with preparation P, and 
estimated to contain 4-6 units/mg. 

activity present in about 50 mg of horse small intestine or in } ug of the purest known preparation 
of substance P (Pernow, 1953). 


Extraction from small quantities of tissue 

The methods of extraction finally used were as follows. Dogs were anaesthetized with chloroform 
and bled out. The brain was removed as rapidly as possible and various parts dissected out, 
weighed and placed in acetone (20 ml./g of tissue). We are much indebted to Dr M. Vogt for doing 
these dissections. The tissues were cut up in the acetone with fine scissors and stirred occasionally 
for 1 hr at room temperature. The acetone extract was then filtered through a Whatman no. | 
filter-paper and the insoluble residue was re-extracted with 20 ml. of 95 % (v/v) acetone perg of tissue 
for 30 min. This second extract was filtered and the residue washed on the filter-paper twice with 
5 ml. of 95% (v/v) acetone. The combined filtrates, which contained all the HT, but little substance 
P, were evaporated in vacuo at 35° C (external) in a 100 ml. round-bottomed flask. The residue 
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was taken up in 1 ml. water and extracted twice with 10 ml. of light petroleum (b.p. 40-60°) to 
remove lipids. The aqueous phase was evaporated to dryness in vacuo and taken up in 1 ml. 0-9% 
(w/v) NaCl. This solution was used for the tests on the rat’s isolated uterus, If immediate assay 
was not possible, the dry residues were kept overnight at - 17° C without loss of activity. 

The acetone-insoluble residue, which contains substance P, was ground in a mortar with 
n-HCl (0-5 ml./g original tissue). When the tissue was partly ground up 3-4 ml. water were added 
and grinding continued. The ground-up tissue with the fluid was trenefarred to a beaker and the 
pH adjusted to about 5-5 with n-NaOH (using ‘narrow range indicator-paper, Johnson and 
Johnson 5267). The mixture was boiled for 2 min to coagulate the proteins, cooled and centrifuged 
for 10 min at 3500 r.p.m. The supernatant was decanted off, the residue stirred with sbout 2 ml. 
of water and again centrifuged. The combined supernatants were evaporated to dryness in vacuo 
at 35° C and taken up in 1 ml. of water. Further dilutions were made if necessary with 0-9 % (w/v) 
NaCl. This solution was used for the tests on the guinea-pig’s isolated ileum. The dry residue from 
the evaporated extract could be kept for at least a fortnight at 5° C without loss of activity. 


10 12 8 10 
Fig. 1. Oestrous rat uterus in 2ml. bath. Atropine 1 mg/l. 4 min cycle. HT =15 ng 5-hydroxy- 
tryptamine. 8T=0-08 ml. of saline solution of evaporated acetone extract of mid-brain 
(504 mg tissue/ml. saline solution). 


| Assays 

The pharmacological methods eventually used were similar to those used by others for the same 
purposes. Erspamer’s technique (Erspamer, 1942, 1952) for the assay of HT in tissue extracts on 
the oestrous uterus of the rat was modified in the present experiments. Ovariectomy did not appear 
to be essential. Stilboestrol (0-1 mg/kg in arachis oil) was injected subcutaneously into a virgin 
rat weighing 160-200 g and the next day the uterus was removed and the middle 2 om of one horn 
was suspended in an aerated 2 ml. bath of Jalon’s solution containing atropine (10-*) at 30° C 
(Gaddum, Peart & Vogt, 1949). The lever magnification was about 10 and the tension 1 g weight. 
The time interval between doses was usually 4 min and the dose was 10-20 ng of HT calculated as 
base. The standard was a preparation of 5-hydroxytryptamine creatinine sulphate kindly supplied 
by Messrs Upjohn (see Fig. 1). Large doses of histamine have a feeble inhibitory action in this 
test; the effect of acetylcholine is prevented by the atropine in the bath. 

Extracts containing substance P were assayed by their effect on guinea-pig’s ileum suspended 
in a 2 ml. bath of Tyrode’s solution at 34-36° C containing atropine sulphate (10-") and mepyr- 
amine maleate (10-*) in order to make the muscle insensitive to choline esters and histamine 
(Douglas, Feldberg, Paton & Schachter, 1951). The lowest piece of gut next to the colon was found 
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especially sensitive and animals which had fasted for 18 hr provided the best preparations. When 
first set up this preparation was rather insensitive to substance P, but when 0-5 unit was given at 


_ regular intervals the effect gradually increased so that doses of 0-1-0-25 unit could be used for 


assays and 0-02 unit gave a small response (see Fig. 2). During assays the drug was left in the bath 
for 40 sec and doses were repeated at intervals of 4 min, or occasionally 5 min, if tachyphylaxis 
appeared with the shorter interval. A change of 10-20% in the dose was readily detectable in 
good experiments. The responses to preparations of substance P were unaffected by mepyramine 
or atropine in experiments where the response to histamine or acetylcholine was abolished. In 
these conditions the rat’s uterus was about 10 times less sensitive to preparations P than the 
guinea-pig’s ileum. 


Fig. 2. Guinea-pig ileum in 2 ml. bath. Atropine 0-1 mg/l. Mepyramine 1 mg/l. 4 min cycle. 
P =0-23 unit substance P (0-1 ml. solution). 6T =0-06 ml. of acid extract of acetone-insoluble 
residue of olfactory bulb (470 mg original tissue/ml.). 


Paper chromatography 

A sheet of Whatman no, | filter-paper was washed with 0-01 n-HCl by descending chromato- 
graphy and dried. An aqueous solution of preparation P, (20 mg/ml.) was applied to the paper as 
ten 0-01 ml. drops along a line 12 cm long for the recovery of activity, and as three similar drops 
along each of two lines 5 cm long for control tests. After drying, the chromatogram was developed 
for 18-22 hr in a closed chamber in nitrogen with the solvents discussed later ascending at right 
angles to the above lines. In order to remove the solvents rapidly, the paper was pulled backwards 
and forwards 3 or 4 times through a layer of benzene (A.R.) in a photographic dish, and then hung 
for 30 min to dry. 

One of the control strips was cut off and divided in two in the direction of the solvent flow. One 
half was sprayed with a solution of ninhydrin (0-2% (w/v) in a mixture of 95 parts (by vol.) 
n-butanol and 5 parts 2N-acetic acid) and heated in an oven at 60-70° C, when purple colours 
appear after 20-30 min, if peptides or amino-acids are present. The other half was first sprayed 
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with diazotized sulphanilic acid (10 vols. 2% (w/v) sulphanilic acid in 0-05n-HCl+1 vol. of 
freshly prepared 1% (w/v) sodium nitrite, mixed 5 min before use). After 5-10 min the paper was 
made alkaline by spraying with 10% (w/v) sodium carbonate. Pale but distinct red spote then 
appeared. This is the Pauly reaction which gives colours with iminazole groups and phenol groups. 
The second control strip was used to estimate the total recovery of activity and the wider piece 
of paper was used to determine its position. It was eluted with 0-01 N-HCI in strips at right angles 
to the direction of flow in places determined by the results of the colour tests. The eluates were 
dried in vacuo and taken up in saline for the assay. 


RESULTS 
Pharmacological tests 
A number of tissues were used in an attempt to find better tests for substance 
P and HT than the oestrous uterus of the rat and the atropinized ileum of the 
guinea-pig. The rabbit’s duodenum (Euler & Gaddum, 1931) was about as 
sensitive to our preparations P as the guinea-pig’s ileum, but less able to detect 
small changes of dose. The frog’s rectum (Vogt, 1949) was stimulated by small 
doses of preparations P, but was found to be unsuited for quantitative assays. 


0-27 unit 0-375 unit 0-27 unit 
P P 


Time (min) 5 12 23 


Fig. 3. Outflow from rabbit’s ear perfused with Locke’s solution. The height 
measures the drop interval, Preparation P causes vasodilatation. 


When rabbits’ ears were perfused as described by Gaddum & Kwiatkowski 
(1938) our preparations P had a vasodilator action in a dose of 0-27-0-375 
unit during the first few hours of the perfusion (Fig. 3). This tissue is thus fairly 
sensitive, but would not be very suitable for routine assays. When frog’s legs 
were perfused, our preparations P (0-27 unit) had a vasoconstrictor effect. 
These preparations also caused a fall of B.P. in rabbits (4-8 units) and rats 
(2 units). In an attempt to improve the technique for assays on rat’s blood 
pressure the following anaesthetics were tried and rejected—ether, pento- 
barbitone, dial compound, barbitone, and a mixture of chloralose and urethane. 
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More satisfactory results were obtained with a mixture of barbitone (450 mg/kg) 
and urethane (600 mg/kg) injected intraperitoneally. The blood pressure was 
110-130 mm Hg and remained steady for a considerable time. Substance P 
(2 units) caused a fall of B.r., but the preparation was much less convenient 
and sensitive than the guinea-pig’s ileum. The injection of 1 ug of HT and 20 ug 
of tryptamine caused similar falls of B.P. and doses differing by 50%, could be 
distinguished. Tachyphylaxis could be avoided by waiting 5 min between 
doses, but this test for HT was too insensitive and unspecific for most purposes. 

Rat’s duodenum was stimulated by 50-100 ng HT/ml. and the colon was 
about 10 times more sensitive, but both tissues were less satisfactory than 
the rat’s uterus and more sensitive to our preparations P, which stimulated 
the colon and produced an unexpected inhibition of the duodenum in a dose 
of 0-5 unit. No attempt was made to discover whether this effect was due to 
substance P itself or to impurities. 

Preparations of tracheal chains (McDougal & West, 1953) from dogs and 
cats contracted slowly when 80 ng of HT was added to the bath (2 ml.). 
Preparations P had no effect on this tissue, but tachyphylaxis to HT developed 


rapidly. 
Separation of HT from substance P in extracts 

The pharmacological tests chosen for the assay of substance P and HT are 
both fairly sensitive to the other substance. In experiments on guinea-pig’s 
ileum lug of HT was roughly equivalent to 1 unit of substance P, and in 
experiments on rat’s uterus it was roughly equivalent to 60 units of substance 
P. An extract of 2-5 g of horse’s intestine contains about lug of HT and 
60 units of substance P, so that, although the guinea-pig’s ileum is likely to 
give an estimate of substance P, both substances are likely to contribute to 
the effect on the rat’s uterus. With extracts of other tissues the result is likely 
to depend on the ratio of the concentrations of these two substances. 

Experiments were therefore undertaken to discover a method of extracting 
them both quantitatively but separately from tissues. Erspamer (1940) used 
3-4 ml. acetone/g of tissue to extract HT from intestinal mucosa. When this 
method of extraction was applied to horse’s intestine, evidence was obtained 
that not only HT but a certain proportion of the substance P was present in 
the extract. 

Table 1 shows the results of an experiment in which different concentrations 
of acetone were used. A piece of horse’s intestine was minced, and 10 g aliquots 
were extracted with various concentrations of acetone in water. For the first 
extraction (A, 1), 200 ml. of acetone were used since this should give a con- 
centration of roughly 95% with the water in the tissue ; the mixture was shaken 
for 10 min and filtered. The second extraction was made by shaking the in- 
soluble residue with 100 ml. of a mixture containing 95% (v/v) acetone and 
5°/, water for 10 min and again filtering. This extraction with 95% acetone 
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was repeated to make the third extract. The acetone was evaporated from these 
extracts under reduced pressure at 35° C. The residue was taken up in water 
and extracted twice with 10 ml. of light petroleum (b.p. 40-60° C) to remove 
fats. The residue was then again dried and dissolved in 0-9% (w/v) NaCl for 
testing. The acetone-insoluble residue from the intestine was finally extracted 
with HCl as described above for the estimation of substance P. The P-equi- 
valent of each extract was estimated with the guinea-pig’s intestine and the 
HT-equivalent was estimated with the rat’s uterus. The first two extracts were 
thus estimated to contain all the extractable HT and only 0-23% of the 
extractable substance P. 


Taste 1. Extraction of substance P and 5-hydroxytryptamine (HT) 
from horse’s intestine by different concentrations of acetone 


intestine Rat’s uterus 
Substance P-equivalent HT-equivalent 
Fraction (unite/kg) 
A. 95% acetone 
1 28 220 
023% of total 
3 0 (<9) 0 (<5) 
Residue 17, 
Total 17,640 249 
B. 90% acetone 
1 1,470 230 
2 a0} 12% of total 47 
3 70 0 (<5) 
Residue 
Total 16,210 277 
C. 80% acetone 
1 and 2 4,600 29% of total 
Residue ll 
Total 16,100 ae 


In Expt. B the initial volume of acetone was 100 ml. and the later extractions 
were made with 100 ml. of 90% acetone followed by HCl. The total amounts 
of both substances estimated to be present in the extracts were similar to those 
found in Expt. A, but the first two extracts were estimated to contain 12% 
of the substance P. | 

In Expt. C the initial volume of acetone was 50 ml. and the second extraction 
was made with 100 ml. 80% acetone. In this case 29% of the substance P 
was estimated to be extracted by the acetone. 

This experiment showed that it was possible to separate HT from P almost 
completely by extracting it with 20 vol. of acetone followed by 95% acetone. 
Substance P could then be extracted from the residue. When lesser amounts of 
acetone were used appreciable quantities of substance P appeared in the 
acetone extract and this may account for the fact that the total recovery of 
HT appeared to be slightly higher in Expt. B than in Expt. A. 
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The conclusion that HT was readily extracted with acetone was confirmed 
by the recovery of 5ug of HT added to 10 g of minced horse’s intestine. This 
was extracted for an hour at room temperature with 200 ml. of acetone and 
the residue washed on a filter-paper with 30 ml. 95% acetone (extract 1). The 
insoluble residue was then re-extracted with 100 ml. 95% acetone (extract 2). 
Extract 1 was estimated to contain 8ug of HT and extract 2 to contain 
0-89 ug, giving a total HT-equivalent of 8-89ug. With similar extracts from 
another portion of the same gut without any addition the estimates were 3-3 ug 
and 0-7 ug, giving a total of 44g HT. The added HT was thus estimated as 
4-89 ug, which is 98°%, of the true value. 

The method used to extract substance P from the acetone-insoluble residue 
is similar to that recommended by Douglas et al. (1951). In one experiment 
the activity extracted by this method from the acetone-insoluble fraction of 
the intestine of a horse was equivalent to 22-5 units/g of tissue. The activity 
extracted with trichloroacetic acid (Gaddum & Schild, 1931) from the same 
residue was equivalent to only 13-8 units/g and the activity extracted with 
acid alcohol (Euler & Gaddum, 1931) from the original tissue in the same 
experiment was equivalent to 16 units/g. It is probable that the low results 
given by these other methods are due to incomplete extraction of substance P, 
but it is also possible that they are due to the inhibitory action of adenosine 
compounds. 

In order further to test the adequacy of the method used, 5g of horse 
intestine were extracted first with acetone and then with acid in the usual way. 
The insoluble residue was then re-extracted first with acid and then with 
water. The first acid extract was estimated to contain 130 units of substance P, 
and the last two extracts 1 and 0-5 unit respectively. The original acid extract 
thus appeared to contain about 99% of the extractable substance P. 

The methods used for the extraction of both substances are therefore probably 
adequate. 


The distribution of HT and substance P activity in dog’s brain 
The results of a series of experiments in which HT was estimated in acetone 
extracts and substance P was estimated in the acetone-insoluble residues by 
the methods described above are given in Table 2. The numbering of the 
cerebral areas used is based on the map of Klempin (1921). 


The specificity of the method of estimation of substance P 
The evidence that the method described here does provide an estimate of 
the amount of substance P in tissues is as follows. 
(1) Completeness of extraction. Table 1 shows that negligible quantities of 
substance P are lost in the acetone extract. Evidence that the method used to 
extract substance P from the residue is adequate has already been discussed. 
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TABLE 2. Estimates of substance P (units/g) and 5-hydroxytryptamine (ng/g) in the 
nervous systems of dogs. The numbers in parentheses denote the number of observations 


Substance P 5-hydroxytryptamine 
Tissue Mean Range Mean Range 
Telencephalon 
Cerebrum: White matter 3-6 2-4-4-7 (3) 0 <4-—<13 (3) 
Grey matter 48 4-6—5-1 (2) 29 26-32 (2) 
Area 4 (motor) 19 14-24 (4) 21 15-37 (4) 
Area 17 (visual) 73 5-4-8-8 (3) 0 <8-<10 (3) 
Areas 51 (olfactory) and 28 29 (4) 16 10-30 (4) 
Corpus callosum 5-9 5-8-6 (2) 0 <5-—<7T (2) 
Caudate nucleus 46 37-60 (5) 0 <4-<14 (5) 
Olfactory bulb 55 2-8-7-2 (3) 48 31-65 (3) 
Hippocampus 15 13-17 (2) 45 40-50 (2) 
Diencephalon 
Thalamus: Whole 12-5 11-14 (2) 18 14-22 (2) 
Medial ll 8-17 (5) 67 40-85 (5) 
Lateral 8-4 4-3-16 (5) 0? <4-30 (5) 
Hypothalamus: Whole 70 55-78 (4) 280 220-330 (4) 
Anterior 70 70 (1) 220 220 (1) 
Posterior 22 22 (1) 225 225 (1) 
Mesen 
Whole 68 66-70 (2) 205 200-210 (2) 
Peduncles 41 38-44 (2 0? <10-100 (2) 
Colliculi 20 19-21 (2) 130 120-140 (2) 
The remainder 88 85-91 (2) 330 300-360 (2) 
Mid-brain without peduncles, 44 28-59 (3) 190 145-230 (3) 
colliculi or aqueduct 
Central grey matter 76 69-85 (3) 280 230-350 (3) 
Cerebellum 1-6 0-43-2-8 (4) 0 <4-<10 (4) 
Medulla oblongata 
Whole 25 21-29 (4) 33 26-44 (4) 
Floor of 4th ventricle 45 45 (1 98 98 (1) 
The rest of the medulla 17 15-19 (2) 71 66-77 (2) 
Area postrema 290 100-480 (2) 215 210-220 (2) 
The rest of the floor 50 36-65 (2) 125 120-130 (2) 
Spinal cord 
Whole 29 29 (1) 0 <16 (1) 
Grey matter 68 66~—70 (2) 82 62-102 (2) 
Nuclei cuneatus and aie’ 110 90-130 (2) 170 120-220 (2) 
White matter 8-7 8-3-9-2 (2) 0 <12-<14 (2) 
Fasciculi cuneatus and gracilis 27 27 (1) 0 <17 (1) 
dal tracts 5-9 5-4-6-5 (2) 0 <16-<20 (2) 
Other tissues 
Pial blood vessels Not done 0 <6 (1) 
C.8.F. 0 <0-06—<0-5 (2) 0 <3-<4 (2) 
Dorsal roots 40 40 (1) 0 <18 (1) 
Ventral roots 6 6 (1) 0 <20 (1) 
Optic nerves 6-0 5-4-6-7 (2 0 <16-<18 (2) 
Stellate ganglia 8-5 6-9-10-3 (3) 0 <26- <50 (3) 
Cervical ganglia 4-4 4-4 (1) 0 <30 (1) 
Nervi accelerantes 0 <1-6 (1) 0 <47 (1) 


(2) Substances interfering with assay. On general grounds it seems probable 
that HT, histamine, acetylcholine, and perhaps adrenaline and noradrenaline 
are extracted by the acetone and therefore not present in the acid extracts 
used for the assays of substance P. In view of the direct evidence of the re- 
moval of HT given in Table 1 it was considered unnecessary to make the 
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intestine insensitive to HT by adding excess of tryptamine (Gaddum, 1953) 
to the bath. The presence of mepyramine (10-*) and atropine (10-’) in the bath 
is more than enough to make the tissue insensitive to small traces of histamine 
and acetylcholine which may have escaped extraction with acetone. Adrena- 
line and noradrenaline are unlikely to be present in sufficient concentrations 
to interfere with the test. 

The extracts are liable to contain potassium salts, adenosine compounds 
and posterior pituitary hormones, any of which might interfere with the 
assay. 

The concentration of potassium in horse’s intestine was estimated with a 
flame photometer as about 1 mg/g tissue, which is about 10 times the con- 
centration in Tyrode’s solution. It may be calculated that potassium is un- 
likely to have influenced the result except when the concentration of HT was 
low. 

Adenosine compounds may be present in tissues in amounts equivalent to 
100 to 1000 mg or more of adenosine per kg of tissue (Gaddum, 1936) and 
adenosine may cause inhibition of the guinea-pig’s ileum in concentrations 
of between 1 and 10 mg/l. (Barsoum & Gaddum, 1935). It might therefore be 
expected that these substances would interfere with the assay of substance P 
by this method. There was no evidence of such interference in our own experi- 
ments, or in those of others who have used this method, but the question 
should be investigated. 

Oxytocin and vasopressin may be present in extracts of some tissues and 
might therefore interfere with the assay of substance P. It was, however, 
found that 0-5 unit of pituitary (posterior lobe) extract had practically no 
effect when added to the bath and did not alter the response of the guinea- 
pig’s ileum to substance P when the two were added together. The dog’s 
hypothalamus has been estimated to contain about 1 unit of vasopressin 
(Vogt, 1953).and 70 units of substance P per g of tissue. The dose of substance 
P used in tests is about 0-2 unit, and this would be likely to be associated with 
about 0-003 unit of vasopressin which would obviously not interfere with the 
assay of substance P. Other tissues, except the pituitary gland itself, are un- 
likely to contain enough oxytocin or vasopressin to interfere with the estimate 
of substance P. Estimates of vasopressin in the hypothalamus, may however, 
be complicated by the presence of substance P (Schlichtegroll, 1954). 

(3) Stability. Euler & Gaddum (1931) found that substance P was destroyed 
by boiling in N-HCl or n-NaOH. Our standard preparation P was also unstable 
in these conditions. When a solution in N-HCl was heated in a boiling water- 
bath the activity on guinea-pig’s ileum was reduced to 5% in 10 min and to 
2% in 20 min. In n-NaOH the corresponding figures were 2 and 1%. The 
active substance in brain extracts was also frequently shown to be unstable 
in these conditions. 
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Substance P is destroyed by trypsin (Euler, 1936) or chymotrypsin (Pernow, 
1953). Tests have been done with crystalline preparations of these enzymes 
supplied by Armour Laboratories. After incubation of our standard pre- 
parations P for 2 hr at 37° and pH 7-7 in a solution containing about 1 mg/ml. 
of either enzyme the activity on the guinea-pig’s ileum was 4-5% of the 
original value. The enzymes themselves had no appreciable effect on the 
intestine. Acid extracts of caudate nucleus, spinal cord and the olfactory bulb 
have been tested in the same way and found to have only 3-6%, of their 
activity after incubation with these enzymes. These results support the view 
that the active substance in brain extracts is a polypeptide, like substance P. 

TABLE 3. Parallel estimates of the substance P-equivalent of extracts of different 
parts of dog’s brain. Standard preparation P, (made from horse’s intestine) 


Method of assay 
Guinea-pig Rabbit 
ileum jejunum 
Substance P equivalent 
(units/g tissue) 
Tissue 

Caudate nucleus 60 56 
Mid-brain 85 89 
Grey matter spinal cord 70 65 
Medulla oblongata 21 23 
Olfactory bulb 6-5 7:2 


(4) Parallel assays. Different choline esters (Chang & Gaddum, 1933) and 
different sympathomimetic amines (Gaddum e¢ al. 1949) can be distinguished 
from one another by the wide variations of the results of parallel assays using 
the same standard preparation in different biological tests. The agreement 
between the parallel assays shown in Table 3 supports the view that the two 
active principles are the same, although there is no direct evidence that these 
two tissues provide a specific test of identity. 

In another experiment extracts were made in the usual way of practically 
the whole brain stem of a dog (8-6 g) and the total P-equivalent of the acid 
extract was estimated as 412 units on the rat’s uterus and as 484 units on the 
guinea-pig’s ileum. The fact that these two figures agree well with one another 
confirms the identification of the active substance in the brain as substance P. 
It was noticed that the response of the rat’s uterus to this extract was more 
rapid than its response to the standard preparation (P;). This difference shows 
that the two solutions were not quite pharmacologically identical but it was 
probably due to minor impurities. 

There cannot have been significant amounts of HT in this extract because 
the rat’s uterus, which is so sensitive to HT, actually gave a lower estimate 
than the guinea-pig’s ileum, and because the P-equivalent of the extract was 
unaffected by dihydroergotamine in sufficient doses to desensitize the pre- 
paration to HT. 
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The results obtained with the acetone extracts in this experiment are 
discussed later. 

(5) Specific tachyphylacis. Large and repeated doses of certain drugs may 
cause specific tachyphylaxis so that the tissues become insensitive to one drug 
or one group of drugs while remaining sensitive to other drugs (Barsoum & 
Gaddum, 1935; Gaddum, 1953a). If the doses are large, the effects may be 
unspecific (Cantoni & Eastman, 1946), but with proper controls this method 
may be used to distinguish drugs from one another. Gaddum (19534) found 
that it was possible to desensitize the guinea-pig’s ileum in this way to sub- 
stance P without affecting the response to tryptamine. We have obtained a 
similar desensitization without altering the response to histamine or HT. 


28 units 
P 


Fig. 4. Guinea-pig ileum in 2 ml. bath. Atropine 0-1 mg/l. Mepyramine 1 mg/l. 4 min cycle. 
S =0-1 ml. of substance P (2-3 units per ml.); T =0-12 ml. of acid extract of acetone-insoluble 
residue of caudate nucleus (45 mg original tissue/ml.). A large dose of substance P (28 units) 
was added and washed out after 6 min. The ileum is desensitized to both 8 and T. The later 

| doses show simultaneous recovery of sensitivity to both S and T. 


Fig. 4 shows the result of an experiment in which 0-23 unit of the standard 
preparation P, caused a response like that caused by an extract of dog’s 
caudate nucleus in a dose corresponding to 5-4 mg of tissue. A large dose 
(28 units) of the standard preparation was then added to the bath for 10 min, 
} and this caused a response which has been eliminated from the tracing. There- 
after the responses to both of the original extracts were depressed to the same 
extent and for the same time. Similar results were obtained in other experi- 
ments. This evidence suggests that the two active principles are identical, 
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although there is at present no evidence that this test would distinguish 
different polypeptides from one another. 

(6) Paper chromatography. Measurements of the rate of flow on a paper 
chromatogram may also be used for the identification of active substances. 
No movement of any substance present in the standard preparations P was 
detected either by colour tests or assays when the solvent was n-butanol 
saturated with water or with 0-01 n-HCl. When it was phenol saturated with 
0-01 n-HCl, all the colour and all the activity were near the solvent front, as is 
generally the case with polypeptides. When the solvent was the upper alcoholic 
layer separating from a mixture of 4 vol. n-butanol (refluxed with NaOH and 
redistilled), 1 vol. glacial acetic acid and 5 vol. water (Partridge, 1948) some 
separation of the components of preparations P occurred. In one such experi- 
ment the paper was cut in strips. The first (Ry 0-0-075) showed clear reactions 
with both colour tests, but only contained 12-5% of the activity. The second 
(Ry 0-075-0-17) showed weaker colours, but contained 50% of the activity. 


Tasie 4. Ascending paper chromatography of substance P (standard P,) and of a purified extract 
of caudate nucleus, Solvent: n-butanol-acetic acid-water (4:1:5). Developed 20 hr at room 
temperature. Solvent front 27-7 om 


Position on 
chromatogram Recovery (%) 
(om from r 
starting line) Caudate nucleus Standard P, 
1-5-2-0 10-4 9-95 
2-0-4-9 52-0 50-0 
4-9-8-0 3-92 3-0 
8-0-15-0 2-13 0-75 
15-0-21-5 1-8 0-5 
21-5-28-0 <0-2 <0-2 
Total 70-25 64-20 


The third (Ry 0-17-0-275) showed clear colours but only contained 3-85 °% of 
the activity. The rest of the paper gave very little colour and had very little 
activity. It is thus evident the colour changes were largely due to impurities, 
but that a reasonable proportion of the activity can be recovered from a narrow 
area of the paper. The total recovery was 68°. When the same technique was 
applied to HT, biological activity was recovered between R,0-136 and 
R, 0-371, but the total recovery was poor (28-5 % ). 

Table 4 shows the results of a comparison between an extract of the caudate 
nucleus and the standard preparation P,. The tissue was first extracted in the 
usual way with acetone and acid, and the acid extract was then evaporated 
to dryness and taken up in 4 ml. of water. The pH was adjusted to 8 with 
NaOH, 4 vol. of aldehyde-free ethanol were added and the mixture kept at 
5° C overnight. The precipitate was removed by filtration and the filtrate 
evaporated to dryness. The residue was then extracted with 0-25 ml. followed 
by 0-2 ml. 50% ethanol, and the extracts applied to the paper. This extract 
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was estimated to contain 51 units of substance P; a similar quantity of the 
standard preparation P, (2 mg or 36-8 units) was used as a control on the same 
paper. The chromatogram was developed for 20 hr with the butanol-acetic 
acid-water mixture described above and the paper was then cut into strips and 
the activity eluted with 0-01 n-HCl and assayed on guinea-pig’s ileum. There was 
satisfactory agreement between the percentage recoveries from the different 
strips of paper. This experiment confirms the view that the active substance 
in the caudate nucleus is either substance P itself or some other substance with 
very similar properties. 


The specificity of the method of estimation of 5-hydroxytryptamine 

The evidence that the method described here does provide an estimate 
of the amount of HT in tissues is as follows. 

(1) Completeness of extraction. Erspamer (1954) has already shown that 
HT can be extracted from certain tissues with acetone. Evidence has been 
presented above that even with 95°% acetone extraction is complete and that 
the recovery of added activity is satisfactory. 

(2) Substances interfering with assays. The extracts do not contain appreciable 
_ quantities of substance P, potassium salts, adenosine compounds or posterior 
pituitary hormones because these substances are practically insoluble in 95°, 
acetone. 

The extracts presumably contain histamine, acetylcholine, adrenaline, and 
noradrenaline in addition to HT. Except in very large doses (more than 1 ug 
in the bath) histamine has no effect on the rat’s uterus and did not alter the 
response to HT when the two drugs were added together. Acetylcholine 
causes a contraction of the rat’s uterus, but atropine was present in sufficient 
concentration (10-*) to prevent errors due to this cause. 

The powerful inhibitory action of adrenaline on the rat’s uterus is well 
known, and the presence of sufficient adrenaline in extracts would diminish the 
estimate of HT. It was found experimentally that the effect of 20ng HT was 
decreased by about 10% by the simultaneous addition of 2 ng of adrenaline, 
and by about 50% by the simultaneous addition of 4 ng. It is thus clear that 
the assay results for HT are unreliable when the dose-ratio (adrenaline/HT) 
is greater than 0-1. Similar effects were produced by noradrenaline in 
doses about 100 times greater than those of adrenaline so that the results are 
unreliable when the dose-ratio (noradrenaline/HT) is greater than 10. Erspamer 
(1953), using slightly different conditions, observed less interference from 
adrenaline and noradrenaline. The possible effect of these substances on our 
results is discussed later. 

(3) Stability. Erspamer (19405, c) reported that enteramine in acetone 
extracts was unstable in n-HCl, but stable in n-NaOH. Indeed NaOH in- 
creased the activity of some extracts by converting inactive ‘enteramine I’ 
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into active ‘enteramine A’. Table 5 shows the results of an experiment on this 
question. Acetone extracts of horse intestine were dried and then taken up 
in N-HCl or n-NaOH. Other extracts with added HT were similarly treated. 
Pure 5-hydroxytryptamine creatinine sulphate was also dissolved in n-HCl 
or N-NaOH. After boiling for 5 and 30 min all these solutions were assayed 
for HT with the rat’s uterus. 

The results for the acid treatment are in substantial agreement with those of 
Erspamer, but his results with alkali were not confirmed. In our experiments 
HT appeared to be almost completely inactivated in 5 min by boiling with 
n-NaOH. The active substance in the extract appeared to be more stable than 
pure HT in alkali, but this does not show that they were different since HT 
itself was also more stable when added to the extract. The effects of acid and 
alkali on the active substance in the extract were in fact similar to their effects 
on HT itself. 


Tas.E 5. Stability of 5-hydroxytryptamine at 100° C in normal acid and alkali 


HT recovery (%) 
x-NaOH 
Smin 30min 6min 30 min 
HT (5 ug) 32 28 l l 
Acetone 12 10 7 7 
Acetone extract + 5 ug 56 29 8 6 


(4) Specific antagonists. The response of the rat’s uterus to acetone extracts 
of the brain had the same time relations as the response to HT. Both effects 
were completely abolished by lysergic acid diethylamide (2ug in the bath 
for 10 min) (Fig. 5) or by dihydroergotamine (10g for 10 min). These drugs 
are known to have a specific action on tryptamine receptors (Gaddum, 1953); 
Gaddum & Hameed, 1954), and were shown to have no effect at all, in the doses 
used, on the responses of the rat’s uterus to substance P or posterior pituitary 
extracts. These results confirm that the observed effects were entirely due to 
an action on tryptamine receptors. HT is the only substance which has been 
isolated from tissues and is known to have such an effect. Extracts of in- 
testine are, however, known to contain another substance which is thought to 
be chemically related to HT and which might act on the tryptamine receptors 
(Dalgleish, Toh & Work, 1953). 

(5) Parallel assays. In one experiment the HT-equivalent of an acetone 
extract of cerebral cortex was estimated as 29 ng on the rat’s uterus, and as 
25 ng on perfused rabbit’s ear. The agreement between these figures provides 
some evidence that the active substance in both tests was HT. 

In the experiment on the whole brain stem of a dog discussed above in 
connexion with parallel assays of substance P, the HT-equivalent of the 
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acetone extract was estimated on the rat’s uterus as 5ug and on the guinea- 
pig’s ileum as 24g. The difference between these two results is thought to 
have been due to the presence of substance P in this extract. This assumption 
is confirmed by the facts that treatment of the ileum preparation with dihydro- 
ergotamine almost abolished the effect of HT, but only reduced the effect of 
the extract to 50% of its original height, while the remaining activity was 
abolished by pretreatment of the ileum with excess of substance P (14 units/ml.) 


On the other hand, the difference may have been partly due to the presence 
of adrenaline in this extract. 


HT P T LSD HT P T 


Fig. 5. Oestrous rat uterus in 2 ml. bath. Atropine 1 mg/l. 4 min cycle. HT =20 ng 5-hydroxy- 
tryptamine. P=0-46 unit substance P. T=saline solution of evaporated acetone extract 
of 80 mg mid-brain. LSD =2 yg of lysergic acid diethylamide for 10 min and washed out. 


The quantity of substance P necessary to account for the observed differ- 
ence was about 10 units from 8-6 g of tissue or 2 % of the total amount estimated 
to be present in the tissue. This figure is higher than would be expected 
from the results shown in Table 1, which were, however, obtained with horse’s 
intestine. This quantity would not interfere with the use of the rat’s uterus 
for the estimation of HT; on this tissue 10 units of substance P would be 
equivalent to about 0-15 ug of HT, which is negligible compared with 5 ug. This 
conclusion is confirmed by the fact that the effect of this extract on the rat’s 
uterus, like that of other such extracts, was completely abolished by lysergic 
acid diethylamide. 

(6) Blood in brain samples as a possible source of HT. It seemed possible 
that the presence of HT in extracts of brain might be owing to the presence of 
blood in the brain. The dogs were bled out before dissection was started and 
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the tissues appeared bloodless, but might nevertheless contain small quantities 
of blood. A dog’s head was therefore perfused with warm saline through the 
carotid artery until the effluent from the jugular was bloodless. Estimates 
of HT in the thalamus, hypothalamus and medulla of this dog’s brain agreed 
well with the results obtained in other dogs after simply bleeding out, and 


perfusion was therefore thought unnecessary. 


DISCUSSION 
To facilitate discussion the results shown in Table 2 are summarized and re- 
arranged in Table 6 and compared with data for other substances. Vogt (1954) 
has recently studied the distribution of sympathin in dog’s brain and found 
that it consisted on the average of about 10% of adrenaline and 90% of 
noradrenaline. The distribution of HT is very similar to that of sympathin. 


TasBLe 6. Mean estimates of concentrations of various substances in dogs’ brains 


Choline 
acetylase 
cent 

5-hydroxy- Noradrenaline thalamus 

tryptamine (ng/g) Substance P eldberg & 

Tissue (ng/g) (Vogt, 1954) (units/g) ogt, 1948) 
Hypothalamus 280 1030 70 — 
Area ma 215 1040 290 _ 
Mid- brain 205 370 68 — 
Nuclei gracilis and cuneatus 170 110 110 86 
Colliculi 130 130 20 74 
Floor of 4th ventricle 98 270 45 — 
Spinal cord (grey) 82 160 68 128 
Medial us 67 240 ll ~ 100 
Olfactory bulb 48 50 6 55 
Hippocampus 45 40 15 108 
Cerebral area 4 21 180 19 71 
Cerebral areas 28 and 51 16 120 29 81 
Cerebral area 17 40 7 58 
Caudate nucleus 60 46 127 
Corpus callosum 80 6 26 
Pyramids 60 6 12 
Cerebral white 0 50 4 — 
Optic nerve 20 6 6 
Ventral roots 60 6 236 
Dorsal roots 10 40 (0) 
Cerebellum 70 16 15 


With the exception of the olfactory bulb and the hippocampus, all those parts 
of the central nervous system in which HT was detected were found to con- 
tain noradrenaline in quantities greater than 100 ng/g; all those tissues in 
which no HT was detected contained without exception less than 100 ng/g 
of noradrenaline. 

Vogt has shown that parts of the brain which contain noradrenaline are 
associated functionally with the sympathetic system, and the same is there- 
fore true of HT, as is confirmed by the details of the evidence. Thus the medial 
part of the thalamus which is connected with autonomic activities and the 
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hypothalamus contains HT, but the lateral part of the thalamus, which relays 
sensory impulses to the cerebrum probably contains none. Small amounts of 
HT were, in fact, detected in two out of five tests on the lateral thalamus, and 
in one out of two tests on the peduncles (Table 2), but it is probable that this 
conflict of evidence is due to imperfect dissection, neighbouring tissues rich 
in HT having been included in some of the extracts. Substance P, on the other 
hand, appears to be evenly distributed in the thalamus. 

It has already been pointed out that if adrenaline and noradrenaline are 
present in the extracts they may interfere with the assay of HT by inhibiting 
the rat’s uterus. The experiments with mixtures of these drugs described above 
show that noradrenaline is unlikely to produce this effect when its concentra- 
tion is less than 10 times that of HT and the results shown in Table 6 are there- 
fore probably not affected by it. On the other hand, adrenaline may introduce 
errors, when its concentration is 1/10 that of HT and, since the concentration 
of noradrenaline in dog’s brain is about 10 times that of adrenaline, inter- 
ference from adrenaline may occur whenever the concentration of noradrena- 
line is greater than that of HT. From the figures in Table 6 it will be seen that 
this is frequently the case and the estimates of the HT-equivalents of these 
tissues are therefore probably less than the true values. 

These calculations do not, however, weaken the conclusion that the dis- 
tribution of HT in the central nervous system is similar to that of sympathin; 
they suggest that, if interference by adrenaline could be excluded, the evidence 
might be stronger. It is fortunate that this source of error did not obscure the 
observed correlation. The concentration of adrenaline in peripheral sympa- 
thetic ganglia has been estimated as 100-200 ng/g (Vogt, 1954), and this would 
be likely to obscure large amounts of HT, so that the apparent absence of this 
substance in these extracts (Table 2) has little meaning. In the same way, the 
apparent absence of HT from other tissues may have been due to the presence 
of adrenaline or noradrenaline which interfered with the assay. 

While this work has been in progress data have been published by others 
showing the distribution of substance P in the brains of dogs (Pernow, 1953), 
cows (Kopera & Lazarini, 1953; Zetler & Schlosser, 1953), and man (Zetler & 
Schlosser, 1954). It has already been pointed out that these results may perhaps 
be subject to errors owing to the presence of HT and adenosine compounds in 
some of the extracts, but there is no evidence that these errors are significant 
and the results can be compared with one another. 

The distribution of substance P is not the same as that of any other known 
substance. Some activity was detected in all extracts, but some tissues con- 
tained much more than others. It was present both in nuclei and in medullated 
fibres. There is general agreement that high concentrations (> 40 units/g) 
are found in the caudate nucleus, hypothalamus, mid-brain and medulla. 
According to our results and those of Vogt (1954) the concentrations of 
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substance P, HT and noradrenaline are all especially high in the central grey 
matter, in the mid-brain, and in the area postrema in the medulla. 

The area postrema is a vascular area containing neuroglia, but no true 
nervous tissue, lying along the lateral border of the caudal end of the 4th 
ventricle. It stains readily with trypan blue and appears to contain chemo- 
receptors which cause vomiting (Borison & Wang, 1953). There is evidence 
that, in chloroformed dogs, it contains high concentrations of noradrenaline, 
HT and substance P, and it is tempting to wonder why this is so. These active 
bases might either have been produced locally or have reached this area from 
the blood stream. The following considerations are in favour of the second of 
these possibilities: 

(a) There is evidence that this area contains chemoreceptors. 

(b) When the basic dye trypan blue is injected it accumulates in this area, 
and it would, therefore, not be surprising that various pharmacologically active 
bases should also accumulate there. 

(c) Vogt (1954) has shown that stimuli, such as the injection of morphine, 
which liberate noradrenaline from the hypothalamus, do not liberate it from 
the area postrema. This suggests a fundamental difference between these two 
areas which might be due to the fact that the area postrema only contains 
active substances in virtue of its chemoreceptive properties. 

If this theory is accepted, it is perhaps worth considering whether neuroglia 
in other parts of the central nervous system acts in the same way. One of the 
functions of some parts of this tissue may be to act as a chemoreceptor for 
substances in the blood stream and to convert messages received in this way 
into nervous impulses. 

The estimates of substance P made by Pernow (1953) should agree quanti- 
tatively with ours since we used the same units and the same species of animal. 
In some cases the agreement is good, but most of his results are higher than 
ours. This difference is probably not due to the use of a different method of 
extraction since, when the two methods were compared directly, our method 
gave a slightly higher result than his for the concentration of substance P in 
the caudate nucleus. Pernow took no precautions to remove HT from his 
extracts, but it is unlikely that there was enough there to interfere seriously 
with his results. The largest discrepancies were in the cerebellum, where 
Pernow found 15 instead of 1-6 units/g, and in the thalamus where he found 
85 instead of 12-5 units/g; in other cases the ratio of the results varied between 
1 and 4. This difference may depend on the fact that Pernow’s dogs were 
electrocuted and ours were anaesthetized, but on the other hand, some of the 
differences probably depend on differences of dissection. Kopera & Lazarini 
(1953) found no substance P in the cerebellum itself, but large amounts in the 
‘crus cerebello-cerebr’. The inclusion of some of this tissue in extracts of 
cerebellum would therefore greatly increase the result. Our own experiments 
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failed to detect active substances of any kind in the cerebellum, and it is there- 
fore interesting to note that, according to Kwiatkowski (1943), the cerebellum 
contains particularly large amounts of histamine. 

The tissues in the upper part of Table 6, which contained detectable HT and 
comparatively large amounts of noradrenaline, also contained (with one ex- 
ception) more than 10 units/g of substance P. Many of these tissues are con- 
cerned with autonomic activities, but when so many active substances are 
present it is difficult to guess the exact function of each. A more detailed 
study of the distribution of the different active substances might provide 
more evidence of their functions, but such an investigation would not be easy 
with the present methods. 

The tissues in the lower part of Table 6 contained no detectable HT, com- 
paratively little noradrenaline and in most cases, less than 10 units/g of sub- 
stance P. The two exceptions to this rule are the caudate nucleus and the 
dorsal roots, which contained appreciable quantities of substance P. The 
caudate nucleus also contains large amounts of choline-acetylase, and may 
therefore contain synapses between cholinergic nerves and nerves whose action 
depends on substance P. 

Our results confirm and extend the evidence of Lembeck (1953) who has 
advanced the theory that substance P is the chemical transmitter liberated by 
the first sensory neurone. The P-equivalent of the dorsal roots was greater than 
that of the ventral roots. The P-equivalent of posterior columns, which actually 
contain the same neurones as the dorsal roots, was greater than that of other 
white matter in the spinal cord; and the P-equivalent of the nuclei cuneatus 
and gracilis, to which these nerves run, was greater than that of almost any 
other tissue tested (Table 2). 

The evidence for Lembeck’s theory depends largely on the fact that most 
other active substances are not found in the dorsal roots, which contain little 
or no acetylcholine (Hellauer & Loewi, 1938) or choline-acetylase (Feldberg & 
Mann, 1946) or noradrenaline (Vogt, 1954) or HT. According to Kwiatkowski 
(1943) they also contain no histamine, but according to Werle & Palm (1950) 
they do sometimes contain a small amount of this base though not more than 
the ventral roots. 

Substance P is, however, not the only substance suggested as the chemical 
transmitter liberated by these nerves. Hellauer & Umrath (1947) injected 
extracts of spinal nerve roots subcutaneously in rabbits’ ears and found that 
extracts of dorsal roots had more vasodilator activity than extracts of ventral 
roots. These effects may be partly due to substance P, though according to 
Hellauer (1953) they cannot be entirely explained in this way. 

Holton & Holton (1952) recorded the vasodilator action of root extracts on 
rabbits’ ears and found that initially there was no difference between the effects 
of extracts of dorsal and ventral roots, but that, after mincing and incubation, 
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the extracts of the dorsal roots were the more active. Later they suggested 
(Holton & Holton, 1954) that the active substance was ATP, and that this 
substance is liberated in the rabbit’s ear when the vasodilator. nerves are 
stimulated. 

Following up a hint by Dale (1935) both groups believe that antidromic 
vasodilatation and afferent impulses in general are transmitted by the same 
nerves, and therefore by the same substance, but this may not be so. There is 
no evidence that the nerves which cause antidromic vasodilatation send axons 
to the posterior columns. In any case there may be many different chemical 
transmitters. No active substance has been found concentrated in the 
pyramids or the optic nerves, and if chemical transmitters are liberated by 
these nerves, they are presumably different from any of the substances which 
have been detected so far in extracts of brain. 

The HT in the brain may also have some specialized role to play, the precise 
nature of which we do not yet know. Attention has already been drawn 
(Gaddum, 19530) to the possibility that there may be some connexion between 
the two known powerful actions of lysergic acid diethylamide, which seriously 
affects the brain in a dose of 1 yg/kg (Stoll, 1947) and antagonizes some of the 
actions of HT on isolated organs in a concentration of 1 wg/l. The evidence for 
the presence of HT in certain parts of the brain may be used to support the 
theory that the mental effects of lysergic acid diethylamide are due to inter- 
ference with the normal action of this HT. 


SUMMARY 

1. 5-hydroxytryptamine (HT) can be extracted quantitatively from tissues 
with 95% acetone without substance P, which can be extracted from the 
residue, so that both substances can be estimated pharmacologically without 
interference from the other. 

2. The distribution of HT in dog’s brain resembles closely the distribution 
_ of noradrenaline. It was not present in medullated nerve fibres, but only in 
grey matter. The highest concentrations were in tissues associated with the 
autonomic system and in the area postrema. 

3. High concentrations of substance P were found in most of the tissues 
rich in HT and noradrenaline, and also in the caudate nucleus and the posterior 
roots and columns, These results agree in general with results obtained 
simultaneously in other laboratories. 

4. The concentration of these active substances in the area postrema is 
attributed to the fact that this area contains chemoreceptors. 

5. The high substance P-equivalents of the dorsal roots and columns and 
the nuclei cuneatus and gracilis support Lembeck’s theory that substance P is 


the chemical transmitter liberated in the central nervous system by these 
nerves. 
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6. The presenve of HT ‘in certain parts of the brain is consistent 
with the theory that lysergic acid diethylamide acts on the brain by 
antagonizing HT. 
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THE ACTION OF HISTAMINE ON THE HEARTS OF 
TWO LAMELLIBRANCH MOLLUSCS 


By R. L. C. PILGRIM 


From the Zoology Department, Canterbury University College, 
Christchurch, C.1. New Zealand 


(Received 13 July 1954) 


Although several isolated preparations, admirable for experimental purposes, 
have been described from Mollusca, particularly from the heart tissues, the 
action of histamine on them is almost completely unexamined. Jullien, Vincent, 
Vuillet & Bouchet (1939) found that at a concentration of 10-* the drug 
caused a rise of tone, especially diastolic tone, leading to reduction in ampli- 
tude when applied to the isolated heart of Helix pomatia; at 10-* severe 
arrhythmia occurred and the amplitude was reduced to c. one half. On other 
invertebrates the action of histamine varies; thus Wu (1939) found the effect 
inconstant on isolated preparations from earthworms, while von Euler, 
Chaves & Teodosio (1952) showed that histamine contracts the water-lung of 
Holothuria and relaxes the longitudinal muscle, the latter contracting in the 
presence of small doses of acetylcholine. Wu (1939) further described histamine 
as inhibiting the action of ACh, whereas Frommel, Aron, Herschberg, Piquet & 
Goldféder (1944) found histamine to sensitize leech muscle, Helix heart and 
frog rectus preparations to ACh, the sensitization being analogous to that 
produced by eserine; this latter observation falls into line with the opinion 
(Burn, 1950) that histamine may act as an anticholinesterase. Histamine or 
histamine-like substance has been detected by Ungar, Ungar & Parrot (1937) 
in a number of invertebrates, including Mytilus edulis. 

The purpose of the present investigation was to examine the effect of 
histamine on isolated preparations of lamellibranch hearts; it has been shown 
(Pilgrim, 1954) that within the class Lamellibranchia different species react 
in widely differing respects, both quantitative and qualitative, to ACh, and 
from the series described in this earlier paper two species were selected largely 
on account of the great difference in their reactions to ACh, viz. Amphidesma 
forsterianum Finlay (very sensitive to ACh, usually arrested in diastole at 
high concentrations) and Mytilus canaliculus Martyn (much less sensitive, 
more commonly arrested at a high tone level). 
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METHODS 


The preparations were set up as described by Pilgrim (1954). Histamine acid phosphate (B.D.H.) 
was used throughout; it was prepared daily in sea water at a concentration of 10~* (w/v of the base 
itself) and convenient dilutions made from this so as to keep the amount added to the bath to no 
greater than 2-5 ml. It was found satisfactory to leave the preparations for from } to 1 hr between 
tests. A total of 220 experiments was made on forty-eight preparations. 


69 
Amphidesma 
12 
Amplitude 
17 
Mytilus 1 
93 
1 SS 50 
| Frequency 
| | | | 
Histamine 107 9 8 7 6 5 4 


Fig. 1. Analysis of results in respect of amplitude and frequency changes caused by histamine. 
Open areas mean no effect; shaded areas, increase (YJ) or decrease (f{Q); black area, 
systolic arrest. Figures refer to numbers of experiments in each case. Histamine concentra- 
tion plotted logarithmically. 


RESULTS 
The results are shown in the figure in which the extreme limits of reactions are 
incorporated. 

Amplitude. This was clearly increased in Amphidesma in histamine at 10-, 
and in approximately half the preparations in 10~-*, while occasional reactions 
were obtained down to 10-*. The increase in amplitude was due to a rise in 
systolic tone, but a slight rise in diastolic tone also occurred in 10~ to 10-"; in 
a few instances diastolic tone was raised to a greater extent than was systolic 
tone resulting in a reduction in amplitude, and in one case in temporary 
systolic arrest. The preparations of Mytilus were unaffected in respect to 
amplitude until the concentration of the drug reached 10-5, when amplitude 
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was increased ; in 3 x 10-° and 10~* the increase was sometimes partly obscured 
by alternate large and small beats or by a quite irregular rhythm. 

Frequency. In Amphidesma this was unaffected in many preparations at 
all concentrations tested, but a distinct trend was evident in the remainder: 
in histamine 10-* thirty-six experiments resulted in no change in frequency, 
fourteen showed a decrease and fifteen an increase; in higher concentrations 
the majority decreased in frequency, while in lower concentrations the tendency 
was for no change or an increase in frequency. Where they occurred, frequency 
decreases were distinct (c. 30°%,) and increases slight (c. 2-4). 

In Mytilus frequency decrease was found at higher concentrations as in 
Amphidesma, but in lower concentrations there was no sign of any increase. 


DISCUSSION 


The sensitivity of these preparations towards histamine differs from that 
towards ACh in being less marked; Amphidesma was shown (Pilgrim, 1954) 
to reduce amplitude and frequency in ACh at 6x 10-" but it is more than a 
thousand times less sensitive to histamine in this respect. Mytilus is a hundred 
times less sensitive in respect to frequency reduction and does not show 
amplitude reduction in histamine. The range of concentrations of histamine 
in which reactions occurred is much more similar in the two species than was 
the range of concentrations of ACh studied earlier (Pilgrim, 1954). Further- 
more, the nature of the reactions is different from that obtained with ACh. 
Amphidesma preparations react to histamine with increase or decrease in both 
amplitude and frequency; in ACh both these properties reduced. Mytilus 
preparations in histamine show an increase in amplitude and reduction in 
frequency; in ACh there was found increase or decrease in both properties 
over the same range of concentrations. In histamine, some preparations of 
both species studied were insensitive to all concentrations of the drug used 
(except Mytilus at 10-*). | 

The overall impression is that the reactions to histamine are not governed 
by a coherent behavioural pattern. The variability in amplitude reaction, 
however, can be simplified by considering instead the changes in tone levels: 
thus those preparations of Amphidesma which react to histamine mostly show 
a rise of systolic tone. The variation comes from the extent of changes in 
diastolic tone level which, when great, lead to a reduction in amplitude or in 
one instance to systolic arrest. It would be interesting to know if the vari- 
ability shown by Wu in the reaction of earthworms to histamine could be 
similarly described. 

It cannot be said that histamine is a substance which causes a distinct 
pattern of responses in these tissues. Many preparations do not react at any 
of the concentrations used and despite attempts to consider the results in 
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other ways, it must be said that the effects of this drug on amplitude and 
frequency are unco-ordinated and variable. It appears unlikely, therefore, 
that the substance is a natural agent in the transmission of stimuli in the heart 
tissues of lamellibranchs. 


SUMMARY 


1. Isolated ventricle-strip preparations from two species of New Zealand 
lamellibranch molluscs were submitted to the action of histamine in concentra- 
tions of 10-* to 10~. 

2. The reactions are more comparable between the two species than are 
those towards acetylcholine. Individual preparations varied, however, in 
their reaction; at any one concentration of histamine a preparation (either 
species) may be unaffected, or its amplitude increase or frequency decrease 
(Mytilus), or both amplitude and frequency increase or decrease (Amphidesma). 
The most marked tendency was for a decrease in frequency at high drug con- 
centration and increase at low concentration. 

3. It is concluded from these experiments that histamine may have no 
significance as a natural evocator of cardiac reaction in these animals. 

I wish to thank Prof. E. Percival, F.R.S.N.Z., for allowing me facilities and for his encourage- 


ment in this work; I am also indebted to Dr W, Feldberg, F.R.S., for encouragement. The expenses 
incurred were partly defrayed by a Research Grant from the University of New Zealand. 
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CHOLINESTERASE ACTIVITY OF LEFT AND RIGHT ATRIA 
OF THE RABBIT’S HEART 


By SHEILA BRISCOE 
From the Department of Pharmacology, University of Oxford 
(Receiwwed 19 July 1954) 


Rhythmic activity in the atria of the rabbit’s heart has been shown to be 
closely linked with the synthesis of acetylcholine within the tissue (Biilbring & 
Burn, 1949). Observations by Burn & Kottegoda (1953) on the action of 
eserine on rabbit atria supported this hypothesis and suggested that not only 
the synthesis of acetylcholine but also its destruction by cholinesterase were 
important for the maintenance of normal activity. Biilbring, Kottegoda & 


Shelley (1954) estimated the cholinesterase activity in homogenates of rabbit 


atria and found a correlation between this and the sensitivity to eserine of atria 
beating in corresponding conditions. The action of other anticholinesterases, 
including neostigmine and ditsopropylfluorophosphonate, in low concentrations 
also supported the view that cholinesterase activity in atria was important 
for the destruction of acetylcholine synthesized in the tissue during its 
rhythmic contraction (Briscoe & Burn, 1954). 

All the work referred to above was concerned with a single preparation of both 
left and right atria. Although Brouha & Bacq (1936) state that all cardiac 
tissue, including the left atrium of the rabbit, beats spontaneously if perfused 
with an adequately oxygenated physiological solution, many workers have 
found that the isolated mammalian left atrium does not contract rhythmically 
except in rare instances, although it may beat in the presence of adrenaline or 
histamine (Rigler & Tiemann, 1929; Kruta, 1934; Rothberger & Sachs, 1939). 
It will also beat rhythmically in response to mechanical or electrical stimula- 
tion, the response outlasting the stimulation (Hermann, Cornut & Guiran, 
1937; Segers, 1947). Thus although the left atrium possesses the property of 
rhythmic movement when stimulated, the initiation and regulation of the beat 
may be a property of nodal tissue in the right atrium. If this is so, the cholin- 
esterase activity of the right atrium might differ from that of the left. 

Antopol, Glaubach & Glick (1939) found that the left atria of rabbits had a 
slightly higher cholinesterase activity against acetylcholine than the right 
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atria. These workers made no attempt to distinguish between true and 
pseudo-cholinesterase activity. The activities of both true and pseudo- 
cholinesterase in the left and right atria of rabbits have now been determined 
by the use of the specific substrates acetyl-8-methylcholine (MCh), benzoy]- 
choline (BCh) and butyrylcholine (BuCh). Acetyl-8-methylcholine is hydro- 
lysed by true but not by pseudo-cholinesterase, whilst benzoylcholine is 
attacked by pseudo- but not by true cholinesterase (Mendel, Mundell & Rudney, 
1943). Butyrylcholine is rapidly hydrolysed by pseudo-cholinesterase, but is 
hardly attacked by true cholinesterase (Nachmansohn & Rothenberg, 1945). 


METHODS 


The atria from freshly excised rabbit hearts were dissected free from fat, connective tissue and 
ventricular muscle. The left and right atria were separated by a cut to the left of the interauricular 
septum. 

In each experiment two left atria were dried on filter paper, and weighed together, and two 
right atria were similarly dried and weighed. Each pair of atria was then chopped on filter paper 
on the stage of a mechanical chopper (McIlwain & Buddle, 1953). The mince obtained was 
homogenized in Krebs-Henseleit bicarbonate solution. Usually 4 ml. of this solution per g of 
atrium was used, but if the atria were very small, 5 ml. was used per g atrium. Care was taken 
that in each experiment the concentrations of the left and right atria homogenates were identical. 

Cholinesterase activity was determined manometrically by the standard Warburg procedure 
at 37-5° C. Owing to the small amount of material available, micro-flasks were used. The following 
substrate solutions were made up in distilled water: 

Acetylcholine (acetylcholine chlorid», Roche Products Ltd.), 0-2. 

Acetyl-8-methyicholine (Amecho, Savory and Moore Ltd.), 0-3™. 

Benzoylcholine (Benzoylcholine chloride, B.D.H. Ltd.), 0-06 m. 

Butyrylcholine (Butyrylcholine chloride, B.D.H. Ltd.), 0-2m. 

0-1 ml. of substrate solution was placed in the side bulb. 

0-5 ml. homogenate was placed in the main compartment, and the volume was made up to 
0-8 ml. with Krebs-Henseleit solution. 

Five-minute readings were taken over the first 33 min after adding the substrate, and the 
activities were calculated from the initial slope of the graph of carbon dioxide evolved against 
time. 


RESULTS 


The results of eleven experiments are shown in Table 1. Cholinesterase activity 
is expressed as ul. CO, evolved per g atrium per hr. When acetylcholine was 
used as substrate, the total cholinesterase activity was very similar in left 
and right atria, the mean activity of left atria being only slightly higher than 
the mean activity of right atria. 

The true cholinesterase activity, as measured by the hydrolysis of acetyl- 
B-methylcholine, was higher in the right than in the left atrium in nine out of 
ten experiments. This difference in activities was significant (P < 0-001). The 
pseudo-cholinesterase activity was, however, higher in the left atrium than 
in the right in each of ten experiments. The rate of hydrolysis of benzoy]- 
choline by the left atrium was significantly higher than by the right (P < 0-02) 
and the hydrolysis of butyrylcholine was also significantly higher (P < 0-001). 
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1. Cholinesterase activity in pl. CO,/g atrium /hr 


Right atria Left atria 

Expt. ACh MCh  BCh BuCh ACh MCh BCh  Buth 

1 1050 — — 731 ibe 

2 1155 225 120 i 840 85 165 ads 

3 881 281 56 ad 118] 300 250 aes 

4 950 290 128 ca 1280 146 275 le 

5 1950 300 375 px 2190 210 555 oe 

6 1260 375 225 = 1200 295 285 i 
7 1710 350 iH 2460 1830 270 28 3525 
8 1470 360 a 1980 1560 225 ie 2550 
9 1530 390 ws 2070 1455 270 ak 2610 
10 1660 542 es 1860 1525 253 bel 2400 
il 2130 360 fi 2700 2790 315 am 3750 
Mean 1390 340 181 2214 1435 230 306 2967 

DISCUSSION 


The fact that the right atrium of the rabbit has a higher true cholinesterase 
activity than the left atrium may be associated with the greater concentration 
of nodal tissue in the right atrium. The sino-auricular node is surrounded by a 
rich plexus of nerve endings (Flack, 1910), and nervous tissue is known to 
contain mainly true cholinesterase (Nachmansohn & Rothenberg, 1945). 
However, nerve endings and ganglia are by no means confined to the right 
atrium (Woollard, 1926), and the higher true cholinesterase activity of this 
atrium may not be connected with nervous elements. 


SUMMARY 


1. The cholinesterase activity of the left and right atria of the rabbit’s 
heart has been determined manometrically, using specific substrates for true 
and pseudo-cholinesterase. 

2. True cholinesterase activity is higher in the right atrium than in the left. 
Pseudo-cholinesterase activity is higher in the left atrium than in the right. 
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EFFECTS OF THE PERIPHERAL PATHWAY ON THE 
REGENERATION OF NERVE FIBRES 


By B. LYTTON anp J. G. MURRAY 
_ From the Department of Anatomy, University College London 
(Received 23 July 1954) 


Regeneration of a divided nerve depends essentially on bringing the severed 
ends together and allowing new fibres to advance along the peripheral pathway 
to reach end-organs. Changes which occur in the distal neurilemmal tubes 
following interruption of a nerve have been extensively investigated during 
recent years. The effect which these changes have on the rate of advance of 
regenerating axons in the distal tubes is the subject of this investigation. 

During the process of Wallerian degeneration there is marked proliferation 
of Schwann cells in the neurilemmal tubes distal to the lesion. The number of 
Schwann cells increase about 13-fold during the first 3-4 weeks after injury 
in nerves composed of medium and large medullated fibres, and then decreases 
fairly rapidly at first and more slowly afterwards never quite returning to 
normal (Abercrombie & Johnson, 1946). Associated with this proliferation in 
a divided nerve there is a migration of Schwann cells into the gap between the 
two ends, particularly from the distal stump. Holmes & Young (1942) 
observed that the regenerating axons growing out from the proximal cut end 
were orientated along the cords of Schwann cells which had migrated from the 
distal stump. They pointed out the importance of these Schwann cells as 
guides for the regenerating nerve tips. Weiss (1944), on the other hand, 
suggested that the orientation of the substratum between the divided nerve 
ends was an important factor in guiding both the migrating Schwann cells and 
perhaps also the outgrowing axon tips. It is generally agreed that the out- 
growth of the regenerating axon is primarily a protoplasmic movement of the 
amoeboid type. The growing tips are guided by contact with surfaces and are 
presumably influenced by the ultramicroscopic structure of these surfaces. 
It seems likely that Schwann cells provide one of the most favourable types of 
surface for these regenerating axon tips and thus play an important part in 
this guidance, both at the scar site and in the peripheral stump. The mechanism 
and the extent of this influence, however, is still obscure. 
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The administration of cortisone during Wallerian degeneration of a nerve is 
known to inhibit the normal increase in number of Schwann cells in the distal 
neurilemmal tubes. This was first observed by McColl & Weston (1953) and 
later quantitatively estimated by Thomas (1954). Thomas found that the 
increase of cells was only 21 % of the normal 10 days after the lesion, and rose 
to 42% at 20 days. Observations in vitro showed a corresponding diminution 
in Schwann cell migration from the nerve stump. 

Conditions in the neurilemmal tubes during Wallerian degeneration can be 
varied by the administration of cortisone and predegenerative methods. The 
distances reached by regenerating fibres growing into tubes under these 
varying conditions were estimated by the pinch reflex (Medawar & Young, 
1940). By comparing the results, the relative importance of some of the 
factors affecting the growth of regenerating nerve fibres can be studied. 


METHODS 


Adult rabbits weighing between 2 and 3 kg were used. They were anaesthetized with intravenous 
pentobarbitone sodium (Nembutal) supplemented with ether. In all operations full aseptic 
precautions were observed. 
Nerve lesion 

A crush lesion of the peroneal nerve was employed as a means of studying regeneration. The 
nerve was compressed for 10 sec with a pair of watchmaker’s forceps having smooth blades of 
1 mm width. This lesion has been shown, by sections fixed at various times, to interrupt the axons 
but leave connective tissue sheaths intact (Young, 1949). The regenerating fibres can then 
advance along their original tubes to regain their old connexions. Crushing a nerve in this way 
recovery is rapid and complete. 


Estimation of rate of regeneration 

The animals were sacrificed at various intervals after operation, and the distances to which 
the fastest growing axons had advanced was determined by eliciting a pinch reflex as described 
by Medawar & Young (1940). This method consists of exposing the peroneal nerve from the 
sciatic notch to the knee over its whole course in the thigh and mobilizing it. Starting from the 
most distal point, the nerve is pinched with fine forceps at 1 mm intervals in a proximal direction 
towards the original crush site until a reflex response, generally a muscle twitch, is elicited. The 
distance between this point and the original crush site is then measured. 

That the axons had in fact reached the site at which the response was elicited was confirmed 
histologically. The nerve segments 1 cm proximal to 1 cm distal to the positive pinch site were 
removed and fixed in Carnoy’s fixative. They were embedded in paraffin, cut longitudinally at 
5 thickness and stained by the method described by Holmes (1943). 


Conditions in the distal tubes 

Observations were made on the rate of growth of axon tips regenerating into peripheral tubes 
under different conditions. Two methods were employed. 

Cortisone administration. In this set of experiments the rabbits were divided into two groups. 
The first group was given 7-5 mg cortisone acetate (Roussel) intramuscularly daily for 3 days 
prior to operation and until the animals were sacrificed at 5, 7, 10, 15 and 20 days after operation. 
The second group was used as controls. In both groups crushes were performed on the right and 
left peroneal nerves high in the thigh at the level of the lower border of the obturator internus 
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tendon. In the cortisone-treated animals the fibres will be growing into tubes in which the normal 
increase in Schwann cell population has been latgely suppressed. 

Predegeneration of the distal tubes. The peroneal nerves of all the animals were crushed high in 
the thigh. Fifteen days after this operation the animals were divided into two groups: one group 
was given daily intramuscular injections of 7-5 mg cortisone acetate and the other used as controls. 
Eighteen days after the original operation, the right and left peroneal nerves of the animals in 
both groups were recrushed at the same site as the initial lesion. The cortisone injections were 
continued in the one group until the animals were sacrificed at 10, 15 and 20 days after the second 
operation. At biopsy the distance to which the axons had advanced was determined by the pinch 
reflex as described above. 

In these experiments, after the second operation, the regenerating axons were growing into 
neurilemmal tubes that had undergone 18 days of Wallerian degeneration. At this time the 
increase in Schwann cells had reached about 80% of their peak population (Abercrombie & 


7 Johnson, 1946). 


RESULTS 
The effects of cortisone 

Table 1 gives the distances that the fastest growing axons had reached after 
crushes of the peroneal nerves, in control animals and in those receiving 
cortisone. Examination of data after various intervals shows that in all cases 
there is a difference between the mean lengths regenerated, the distance being 
greater in the control group of animals. In all cases but one the difference is 
significant (P< 0-05). The histological sections showed that the site at which 
a reflex was elicited by pinching coincided with the tips of the growing axons 
in both groups of animals. Indeed in all cases very fine fibres could be demon- 
strated a few mm beyond the final pinch site. 

The figures given in Table 2 suggest that there is an increasing divergence 
of growth rate between the two groups. The mean differences in lengths 
regenerated at different times plotted against the time in days after crushing 
suggests that these differences increase steadily with time. The correlation 
coefficient is 0-99, which suggests that a linear relationship may subsist. 
A straight line fitted to these data has a significant slope (P<0-001). This 
fact, taken together with the approximate growth rates, shows that not only do 
the axons in the cortisone-treated nerves start off more slowly, but they do not 
achieve the growth rate found in nerves of untreated animals during the first 
20 days after crushing. . 

The results in the control group between 10 and 20 days after the lesion 
agree substantially with the findings of Gutmann, Guttmann, Medawar & 
Young (1942) that the rate of growth of axon tips is about 4 mm per day after 
a crush injury to the nerve. In the cortisone-treated animals it is only between 
2 and 3 mm per day during this time (Table 2). From the results at 5 and 
7 days after crushing, the latent period, during which the fibres are crossing 
the crush site before entering the distal stump, would seem to be less than 
5 days, probably in the region of 3 days. The growth rate between 5 and 10 days 
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is substantially less than 4 mm/day. Fig. 1 shows the distances plotted in the 
form of a graph. These results suggest that the rate of growth is not constant 
but increases with time within the first 20 days. It must be pointed out that 
the rate of growth of axon tips is not a measure of rate of functional return. 
For this to occur the initial tiny fibres must reach appropriate end-organs, 
increase in diameter and acquire a myelin sheath to a degree adequate to 
conduct suitable nerve impulses. 


Controls ° 
© Cortisone treated 
° 
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Fig. 1. Graph showing the distances to which the axons have regenerated after » single crush in 


The decrease in rate of growth of axon tips in cortisone-treated animals may 
be due to several causes. There might have been an increased delay in crossing 
the crush site. The finding that the axons have grown into the distal tubes at 
5 and 7 days in cortisone-treated animals is against this possibility. It is known 
that cortisone interferes with protein metabolism, inhibiting anabolism and 
accelerating catabolism (Engel, 1951). It is possible therefore that cortisone 
affects the metabolism of the neurone and might in some way retard the 
build up of protoplasm in the growing axons. Lastly, the retardation may be — 
due to altered conditions in the peripheral pathway, where the number of 
Schwann cells will be markedly decreased. 


control and cortisone-treated animals plotted against time. 
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Effects of predegeneration 

Table 3 gives the distances that the fastest growing axons had reached in 
predegenerated tubes in control and cortisone-treated animals. In this set of 
experiments it was shown statistically that the rates in the two groups of 
animals were not significantly different. However, it is clear that the axon 
tips have grown at considerably greater rates than in the non-predegenerated 
tubes (see Table 1 controls). . 

The mean length regenerated after 20 days following a single crush is 
57-2 mm but following a recrush, when the axons are growing into pre- 
degenerated tubes, it is 91-8 mm. This difference of 34-6 mm is significant 
(P <0-001). The growth rate per day, between 10 and 20 days after recrushing 
in the predegenerated group, was between 5 and 6 mm per day as compared 
with between 3-5 and 4mm per day in the control group of non-prede- 
generated nerves (Table 2). As the axons grow at similar rates in the pre- 
degenerated tubes in both the control and cortisone groups of animals, it is 
highly unlikely that the retardation produced by the systemic administration 
of cortisone, where the nerves have only been crushed once as in the first set 
of experiments, is due to an effect on the metabolism of the neurone. The 
altered conditions in the peripheral tubes through which the axons are 
growing would seem to be the significant factor. 


DISCUSSION 

Although it is clear that conditions in the peripheral pathway influence the 
growth of regenerating axons, the complex factors involved make their inter- 
pretation more difficult. Edds (1953) has suggested that the temporary pre- 
vention of advance of regenerating axons into distal tubes in which Wallerian 
degeneration has been retarded by X-ray irradiation of the nerve prior to 
injury was due to the neurilemmal tubes remaining blocked with myelin and 
axonal debris for excessively long periods. With the decrease in relative 
numbers of Schwann cells in the cortisone-treated animals, excessive debris 
might well be an explanation for the retardation of the rate of growth of axons 
in the first set of experiments, as Weiss & Wang (1945) have suggested that 
Schwann cells may exhibit macrophage activity. Lubinska (1952), in experi- 
ments carried out on the regenerating peripheral nerves of frogs, showed that 
the delay period before the axons began to grow down distal tubes could be 
prolonged for several days by cooling the animals. This delay was accounted 
for by the retention of a certain degree of turgor pressure for a longer period 
by the divided axons in the peripheral tubes. Once the breaking down process 
of the divided axons had reached a certain point, however, the fine re- 
generating fibres grew along the peripheral pathway at a uniform rate 
irrespective of the amount of debris. 
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TaBLe 3. Distances in mm to which axons have advanced in control and cortisone-treated animals after 18 
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The present results show that there is no obvious increase in the latent 
period in cortisone-treated animals in the first set of experiments, and that 
the axons advance down the distal tubes at a fairly uniform rate. They only 
differ from the control group in the rate of advance of the axon tips, and it has 
been shown that the mean differences of lengths regenerated increase pro- 
gressively with time, These findings suggest that the amount of debris is not 
the main factor retarding the growth of axons in cortisone-treated animals. 

There is evidence of the existence of substances which exert specific growth- 
stimulating effects on nerve cells. Mouse sarcomata have been found to 
elaborate agents which strikingly accelerate the growth and differentiation 
of neurones in the embryonic chick (Bueker, 1948; Levi-Montalcini, 1951 ; 
Levi-Montalcini & Hamburger, 1951). If there is a chemical agent which 
stimulates growth of axons possibly by a direct local action on their physical 
state, it is unlikely that this agent is derived from the myelin sheath as 
suggested by Hoffman (1951). Despite the decrease in rate of advance of 
regenerating axons in cortisone-treated animals, there is no decrease in the 


concentration of myelin breakdown products in the distal stumps of de- 


generating nerves in these animals (McColl & Weston, 1953). 

In the present study the evidence points to a close association between the 
rate of growth of axon tips and Schwann cell population. The cyto-chemical 
studies of Hydén & Rexed (1943) have shown that marked changes occur in 
the metabolism of nucleoprotein in dividing Schwann cells during Wallerian 
degeneration. It may well be that this altered metabolism leads to the elabora- 
tion of a chemical agent that affects the physical state of the growing axon 
tips and facilitates their regeneration. On the other hand, the increased 
number of Schwann cells may provide a more efficient mechanical surface 
on which the growing axon tips can spin themselves out. Evans & Murray 
(1953) have shown that if a nerve composed of medullated and non-medul- 
lated fibres is crushed, the non-medullated fibres grow into the Schwann tubes 
of the medullated fibres and grow along these tubes in preference to their 
original pathway. The Schwann cell population in the medullated tubes 
increases markedly, whereas there is no significant increase in those associated 
with non-medullated fibres (Joseph, 1947). The same kind of mechanism that 
facilitates the rate of growth of axon tips may well guide the growing tips of 
non-medullated axons. Many workers, such as Nageotte (1922), Speidel (1935) 
and Young (1942), have remarked on the affinity of Schwann cells and nerve 
fibres. The fact that the Schwann cells in the distal tubes of a degenerating 
stump cease to migrate when the ingrowing axons come into contact with 
them, further emphasizes the mutual adhesiveness between Schwann cell and 
regenerating fibre (Abercrombie, Johnson & Thomas, 1949). 

The evidence strongly supports the theory underlying the practice of early 
secondary suture of a divided peripheral nerve in man. Three to four weeks 
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after the initial injury the Schwann cell population in the peripheral stump 
will have increased markedly. This increase, with its concommitant increase 
in cell migration, will facilitate the growth of axons across the scar site and in 
the peripheral neurilemmal tubes. 


SUMMARY 


1. The administration of cortisone significantly decreases the rate of 
growth of regenerating axons in rabbits. 

2. If the Schwann cell population in the distal tubes is increased by pre- 
degeneration the rate of advance of axons growing into these tubes is markedly 
increased. The administration of cortisone has no effect on the rate of growth 
of axons if they are allowed to grow into predegenerated tubes. 

3. The correlation between the numbers of Schwann cells, and their possible 
activity, and the rate of growth of regenerating axons is discussed. 


The authors wish to thank Prof. J. Z. Young for his advice and encouragement with this work ; 
Dr D. A. Sholl for help with the statistics; also Miss B. Shirra for technical assistance. 
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35 mm ciné camera incorporating a Philips X-ray image intensifier. 
By G. M. Arpran and D. G. Wyarr. Nuffield Institute for Medical 
Research, University of Oxford 

Indirect cinéradiography on 35 mm film has been done for many years by 

photography of an image formed by X-rays on a fluorescent screen. Recently 

several methods have been devised by which a considerably brighter image of 
the fluorescent picture may be obtained (Coltman, 1948; Morgan & Sturm, 

1951; Moon, 1950). One such method consists of an electron lens which uses 

a fluorescent screen as object and produces a luminous image reduced in size 

but greatly increased in brightness. The Philips Image Intensifier (which 

covers a field of 5 in. diameter) is of this type (van Alphen, Burger, Ooster- 
kamp, Teves & Tol, 1952), and is used in the apparatus demonstrated. 

The apparatus consists of a standard 35 mm camera driven through a variable- 
speed gear box, so that the rate may be varied in steps between 1 and 50 frames 
per sec. The optical system consists of two f/1-6 16 mm projection lenses placed 
back to back, thus projecting on to the film the image formed by the inten- 
sifier. The definition at maximum optical aperture is limited by fluctuations 
in the X-ray quanta arriving at the fluorescent screen (Sturm & Morgan, 1949). 
An adjustable stop is therefore placed between the lenses, enabling a compro- 
mise to be made between the definition and brightness amplification. This is 
especially important when the X-ray dose received by the subject must be 
kept as low as possible. 

With this apparatus the skin dose of radiation may be reduced to as little as 
2% of that received during cinéradiography employing a fluorescent screen 
and a f/0-71 lens, With the latter, each ciné frame has required considerably 
more radiation than a full-sized radiograph using intensifying screens. Ciné 
films (35 mm), taken with the image intensifier system and enlarged to natural 
size, have a definition nearly as good as that obtained with full-size film and 
intensifying screens with the same radiation exposure. Such good definition 
is not always required when moving pictures are viewed by projection, and 
therefore an even smaller radiation dose can be used. 
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The definition which may be obtained with the image intensifier system is 
often superior to that of the conventional indirect cinéradiography, even when 
the radiation dose is considerably reduced. 

Examples of pictures taken with the apparatus at maximum aperture will 
be shown with details of the exposures. 
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Tape recording of spike potentials. By L. A. Lerrneap and L. C. 
Tomson. Medical Research Council, Group for Research in the Physiology 
of Vision, Institute of Ophthalmology, London 

The recording was made with a double-channel British erercean tape 

recorder, and gives on the first channel the record of spikes from a micro- 

electrode placed in the optic nerve of a Rhesus monkey or in the auditory 
nerve of cat, and on the second a time trace and record of speech from a pair 
of throat microphones. These microphones can be used to record notes and 
readings of meters, etc., whilst the experiment is in progress. Some photo- 

graphic records are shown which compare the spikes recorded directly on a 

cathode-ray tube with those recorded first on the tape and then transferred 

to the tube later. 

Certain phase distortions which effect the shape of the spike can be corrected 
by using the circuit described by Coaton & Whitfield (1954), but for ordinary 
purposes the tape record is sufficiently good. 
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Membrane potentials and tension in smooth muscle. By Eprrx 


Production of auricular fibrillation by acetylcholine in the heart- 
lung preparation when the heart is driven electrically. By 
J. H. Burn, E. M. Vavanan Wittiams and J. M. 
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The effect of acetylcholine on conduction velocity in isolated rabbit 
auricles. By E. M. Department of Pharmacology, 
University of Oxford 

The auricle lies horizontally in a bath through which physiological saline flows 

from one of three reservoirs at a constant rate. Since very small changes of 

temperature appreciably affect the conduction velocity (Q,)> 2) the bath, the 
reservoirs, and the tubing between them, are surrounded by water jackets, 
through which water is circulated at a constant temperature. Oxygen 97-5 % 
and CO, 2°5% is bubbled through both the bath and the reservoirs; the 

solution contains sufficient sodium bicarbonate to maintain pH 7-4 at 29° C 

with this mixture. 

The procedure is to record action potentials near the tip of the left auricle. 
The right auricle is then explored with a second electrode until the interval 
between the two action potentials is maximal; the second electrode must then 
be in the region of the pacemaker. A photograph is taken of the action poten- 

tials of every beat on film moving at a constant speed, so that not only changes 

- in conduction velocity but also changes in rate can be measured from beat to 

beat. A record of the approximate amplitude of contraction is obtained 

simultaneously on a smoked drum. 

In isolated rabbit auricles, beating spontaneously, it has been found that the 
main effect of acetylcholine upon conduction velocity is to increase it. The 
effect is sometimes polyphasic, in that the onset of the increased velocity 
may be interrupted by a brief phase of decreased velocity; also, in the phase 
of recovery, the period of increased velocity is often followed by a decrease 
before the original value is regained. The main and constant effect, a prolonged 
increase of conduction velocity, reaches a plateau soon after the point of 
maximum slowing of the auricle, and before the onset of recovery of the rate. 
If there is sufficient ACh present to stop the auricle, the process responsible for 
the increased velocity continues in spite of the cessation of mechanical activity, 
so that during the first beat of the phase of recovery, conduction is very rapid. 
If a constant concentration of ACh (e.g. 10-*) is maintained, the conduction 
velocity still increases in spite of the fact that the rate remains slow. 


A urinometer for recording antidiyretic responses in rats. By 


D. Austin. Department of Physiology, London Hospital Medical College, 
London, E. 1 


_ Urine from a rat is collected in a narrow vessel, the receiving tube. The probe 
(Fig. 1) moves in such a way that its tip follows the level of the fluid. The 
movement of the probe is recorded on a smoked drum. A typical record of 
antidiuretic activity is shown in Fig. 2. 
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Fig. 2. Typical record. V, volume of urine excreted. 7’, time in minutes. M, injection mark. 
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The circuit diagram is shown in Fig. 1. Valve V, is biased beyond cut-off by 
the resistors R, and R,. When the level of urine in the receiving tube rises and 
makes contact with the probe a low-resistance path is made through the urine 
from g to k. As the resistance of R, is larger than that of the urine the grid is 
at approximately cathode potential and considerable anode current flows. 
Relay A/2 operates and the 12 V supply is connected to the motor via contact 
a,. The motor runs driving the probe upwards until it is just above the liquid 
level. This removes the short circuit g-k, the valve again becomes cut-off, 
relay A/2 is de-energized and the motor stops. 

In this way the probe follows the liquid level until the receiving tube is 
nearly full, when the upper-limit switch closes. The closure is performed by 
a cam carried on the probe itself. Relay C/3 operates and is held operated by 
the circuit through its own contact c, in series with the urine via electrodes 
2 and 3, The other two contacts of this relay (c, and c,) also close and operate, 
respectively, the release valve and relay B/4. 

With the release valve operated the urine flows out of the tube until the level 
falls below that of the electrodes 2 and 3, thus ene relay C/3. Contact 
¢, then opens and the release valve closes. 

Contact c, also opens but relay B/4 still holds on eal its own contact 6b, 
in series with contact a, and the lower-limit switch. With relay B/4 operated the 
24 V supply is connected to the motor, but with contacts b, and b, reversing the 
armature connexions so that the motor runs in reverse, driving the probe 
downwards. When the probe reaches the liquid level relay A/2 is operated, 
opening contact a, and de-energizing relay B/4. Contacts b,, 6, and 6, return to 
their normal positions and the 12 V supply is connected in the original polarity 
to the motor, which drives the probe back again to just above the liquid level. 

A push-button switch is connected in parallel with the upper-limit switch 
so that the tube may be emptied at any time by operating this button. The 
lower-limit switch, also cam-operated from the probe, is provided as a safety 
precaution so that the probe cannot be driven into the bottom of the receiving 
tube. 

A time marker giving timing marks at intervals of 1, 5 or 10 min and an 
injection marker, operated by a foot switch, are also provided. 

I am indebted to Dr L. Bernstein for his advice and assistance, and also to the Department of 
Pharmacology for permission to reproduce one of their records. 


Streamline flow in veins. By E. P. W. Hers and D. A. McDonaxp. 
St Bartholomew’s Hospital Medical College, London, E.C. 1 

This film has been designed to teach the elementary haemodynamics of laminar 

and turbulent flow to students of physiology. The animals used for the experi- 

mental work were rabbits (one shot of the superior vena cava of the cat is an 
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exception), and the methods used have been described by Helps & McDonald 
(1954). In addition, the physical principles have been demonstrated on glass 
models. 

The design of the model is simple but is not shown in the film. A large 
(20 1.) aspirator bottle was used as a reservoir and large glass tubes (1-5-2-5 cm 
diameter) were fixed into the lower orifice and supported horizontally ; the rate 
of flow was adjusted by a screw clip on a rubber tube at the distal end. Dye 
was injected into the stream through a glass tube suspended inside the reser- 
voir, bent at a right-angle and drawn out to a fine nozzle that lay in the axial 
stream of the outflow pipe. By this means dye could be injected to delineate 
the flow pattern without causing a disturbance at the entry to the pipe. 
Nevertheless, in laminar flow a parabola is not fully established until some 
40 diameters from the inflow. 

Using water such a parabola is some 20-25 diameters long so that the apex 
is very drawn-out and pointed. This is never emphasized in diagrams of velocity 
profiles but is obviously of importance in measurements of flow velocity 
depending on observation of the axial velocity using dyes in an opaque fluid 
such as blood or in cinéradiographic studies where the definition is inevitably 


poor, 

Glass models of a Y-junction have also been used and were made so that the 
Reynolds’ number was constant in both the tributary and the main trunk. 
(This necessitates keeping the ratio of diameters at 1:1-26, the cube root of 
2, in a bifid junction.) The internal walls always had slight ridges at the point 
of fusion, but nevertheless disturbances at this point are not thought to be due 
to imperfect models. The film shows that instability of flow, in the form of 
vortex rings, originate at the point where the tributary joins the larger tube. 
The hydrodynamical conditions at such a junction have not yet been rigorously 
investigated. 

The experimental sequences show that streamline flow is very stable in 
small veins but relatively unstable and fluctuating in the large veins. The effects 
of respiration in the portal vein and the thoracic venae cavae are well shown. 
The causes of instability in venous flow at Reynolds’ number below the critical 
value has been discussed by Helps & McDonald (1954). 

The film was made by the Wellcome Film Unit on 16 mm Kodachrome and 
has a sound commentary. Running time is about 10 min. 


Our thanks are expressed to the Wellcome Foundation for financing the production of the film. 


REFERENCE 
Helps, E. P. W. & McDonald, D. A. (1954). J. Physiol. 124, 631-639. 


I 
t 
r 
i 


ve 


SOCIETY, 8-10 SEPTEMBER 1954 7P 


The localization of protein formation in the rat brain. By P. Conn, 
M. K. Garronpge and D. Ricuter. Neuropsychiatric Research Centre, 
Whitchurch Hospital, Cardiff 

Protein formation in the rat brain has been studied by observing the incorpora- 
tion of *S from **S-methionine into the brain proteins by an autoradiographic 
method. The “S-methionine (1 mg containing 250 yc/kg) was given by 
intraperitoneal or intracisternal injection and the animals were killed by 
decapitation after 3-24 hr. Autoradiograms were then prepared from paraffin 
sections by the stripping film technique. That the radioactivity in the section 
was due mainly to protein-bound ®S was confirmed by dividing three rat 
brains into two halves, one of which was sectioned as above, while in the other 
the proteins were isolated by biochemical methods. The specific activity in the 
sections agreed closely with that in the proteins of the opposite half of the 
brain. 

The experiments showed that the incorporation of *8 into the proteins was 
considerably greater in the regions containing cell bodies than in the white 
matter of the brain. In the brains of 1-day rats the incorporation was relatively 
diffuse; but in older animals it could be seen that protein formation was 
apparently more active in the cellular layers containing a high proportion of 
nerve cell bodies. It was particularly prominent in the pyramidalis layer of 
Ammon’s Horn and in the ‘neurosecretory cells’ of the supraoptic nucleus of 
the hypothalamus. 


A multi-channel recorder using pulse-time multiplex techniques. 
By T. J. McDermorr. N ti scl Research Centre, Whitchurch 
Hospital, Cardiff 

The instrument is designed for presenting simultaneously potential variations 

of the order of 10-50 »V in a number of electrodes. In the apparatus shown, 

the potentials of an array of twenty-four electrodes are displayed on one 
cathode ray tube (c.R.T.), while a second tube is used to take a photographic 
record. The electron beam is deflected successively to each of 4 positions on 
each of 6 lines, thereby producing a rectangular array of 24 spots. Each 
spot, when appropriately deflected, traces out the waveform of one electrode. 

The instrument is suitable for e.e.g. and electrocorticogram (e.co.g.) recording. 

An electronic commutator system is used to avoid the need for separate 
multistage amplifiers for each channel; this effects a considerable saving in 
complexity and expense. The economy is greater if the number of electrodes is 
increased, which can be done without any considerable change in the apparatus. 

The potential of each electrode is sampled approx. 3000 times/sec by the 

modulation in one triode per channel of the amplitude of a 1 psec pulse. 
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The 1 sec sampling pulses are produced by a time multiplex system running 
in synchrony with a system of deflecting echelon waveforms applied to the 
X and Y plates of the o.x.tr. The waveforms involved are indicated in 
Fig. 1. All the modulated pulses are combined and amplified in a common 
amplifier. The modulation produced by the electrode potentials is very small 
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Fig. 1. Waveforms of the electronic commutator system. (a) The basic train of 1 psec pulses of 
) 10 psec. repetition period, from which all the others were derived. (b) The line echelon 
waveform applied to the X plates of the o.n.t. (c) The line echelon flyback pulse. (d) The 
frame echelon waveform applied to the Y plates of the o.n.t. (e) The frame echelon 
flyback. (f, g) Typical pulses (1 psec) of line repetition frequency 50 usec coincident with 
one of the steps of the line echelon. (h, j) Typical line gates, of 50 wsec duration and 
300 psec repetition period. (k) The combination waveform of the pulses shown in ( f) and 
the line gate shown in (j). This, when sliced, produces the channel pulse. (l) The channel 
pulses with modulated amplitudes are combined to produce this waveform which is fed to 
the common amplifier. (m) The output from the common amplifier of the pulses amplified, 
sliced and lengthened to 10 psec. This waveform, when added to the echelon on the Y plates, 
deflects each channel spot. 


in comparison with the pulse amplitude, so the amplifier is designed to slice 
out a large constant portion of the pulse amplitude. The resultant output 
pulses are maintained at their peak amplitude for a 10 usec interval, and 
added to the echelon waveform on the Y plates of the c.x.7. To display 
the time variation of the electrode potentials, the whole array is deflected 
horizontally by the addition to the X plate echelon waveform of a slow saw- 
tooth waveform. The sawtooth period is adjustable over a range of 0-05-5 sec 
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and its amplitude is limited to give a deflexion just less than the distance 
between adjacent channel spots. 

The chief difficulties encountered in the design of the apparatus were in the 
reduction of random variations, 50 c/s hum and slow drifts. Doubly stabilized 
power packs, and a d.c. heater supply are therefore used. Also, a feedback 
system to control all the variations that are common to the channels has been 
introduced by means of a control channel using a pulse coincident with the line 
flyback. A system of unbalanced electrodes was chosen, the potentials all 
being referred to an electrical mean which is applied to the control channel, 
and is thus used as a zero reference level. Other methods of presentation, 
such as rotating radius rector display, may be used with the same commutator 
and amplifier system. 


The demonstration of enzyme activity in the glomerulus by 
neotetrazolium. By J. A. Barciay and I. D. Stnex. Department of 
Physiology, University of Birmingham 


If the reduced form of tetrazolium is non-diffusible it would appear to offer 
a convenient tool for testing for the presence of enzymes or enzyme systems 
capable of reducing it to its insoluble coloured formazan. 

It seems likely that the formazan is not diffusible since (i) if glomeruli are 
placed in a solution of the reduced dye they do not take up the stain; (ii) they 
may show in the same preparation varying degrees of reduction of the dye 
from nil to full reduction. This is unlikely to occur if the colour is due to 
diffusion. 

The presence of the following enzymes will be demonstrated: 

(1) Succinic dehydrogenase. The activity is present in the glomeruli, though 
much less than in the tubular segments (added to the preparation for purposes 
of comparison), and is seen either in the form of diffuse pinkish violet colour or 
as minute formazan crystals. 

(2) Endogenous dehydrogenase. The results in this case may be very irregular. 
The activity when shown is either the same or higher in the glomeruli than in 
the tubules. 

(3) D-amino-acid oxidase. Here the amount of activity in the different 
glomeruli varies more than with any other substrate tested. Moreover, the 
same glomerular material shows differences in activity patterns when different 
amino-acids are exhibited, e.g. out of the following experimented upon—- 
D-valine, pL-alanine, DL-methionine and casein hydrolysate—the first showed 
low activity, while the last showed a well-marked reaction, suggesting that the 
degree of activity is determined by the substrate presented. Such variations 
in the activity of p-amino-acid oxidase with different amino-acids as substrates 
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have been described (Krebs, 1951). The tubules either showed weak or no 
activity. 

(4) Sitaies desulphurase. Both glomeruli and tubules show a well-marked 
and uniform enzymatic reaction. 

The individual variations in activity noted in these preparations (except in 
the case of cysteine desulphurase) correlate with experimevts done by 
other methods, where it was found that when the number of glomeruli were 
reduced to below 10-20, results became erratic. An opportunity was offered 
in the case of p-amino-acid oxidase for comparing the activity by histochemical 
and biochemical methods, and both methods showed a higher activity in the 
glomeruli than in the tubules, at any rate under our experimental conditions. 

The above experiments confirm the presence in an active form of certain 
enzyme systems in the glomerulus. 


REFERENCE 


Krebs, H. A. (1951). The Enzymes, pp. 505-507, 2, Part 1, ed. Sumner, J. B. & Myrbach, K. 
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Continuous recording of oxygen concentration in gas mixtures. By 
P. G. Banister, R. V. Coxon and R. H. Kay. Laboratory of Physiology, 
University of Oxford 

An interest in the possible complications of giving oxygen to premature infants 
(Campbell, 1951) led us to examine methods which could be employed under 
clinical conditions for securing continuous records of the proportion of oxygen 
in artificial atmospheres. The two physical properties of oxygen with which 
we have concerned ourselves in this connexion as possible bases for measure- 
ments are its thermal conductivity and its paramagnetism. Although the 
latter is for practical purposes a unique characteristic of oxygen, the former 
has actually proved more useful in that it can be recorded with simpler and 
more robust apparatus. Katharometers have been utilized previously in 
respiratory studies (Hill, 1926; Berg, 1947; Herrald & McMichael, 1939) and 
the present instrument is of this type. 

The arrangement is that the gas mixture from a nursery incubator is 
aspirated through a moisture trap whence it passes into two parallel channels. 
One channel incorporates a katharometer registering CO, percentage, while 
the other includes both a CO, absorber and a second katharometer which 
registers oxygen percentage in the residual gas. The katharometers are con- 
nected to Wheatstone bridge circuits, one of which is balanced at zero con- 
centration of CO, and the other at 21%, of oxygen. At other concentrations of 
CO, and oxygen the off-balance currents are related to the proportions of these 
gases present. These currents are measured by means of a Cambridge milli- 
ammeter which records from the two bridges alternately at 1 min intervals. 
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Some difficulty arises if the concentration of argon in the mixture analysed 
should change greatly during a run, but small variations can be handled 
satisfactorily. 
Records obtained under different conditions of oxygen administration will 
be shown. 
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The murmur from the patent ductus arteriousus in the newborn 
lamb. By G. 8. Dawes and Joan C. Morr 


A micro-forge. By C. G. Puriures and E. H. J. Scuusrer 


Apparatus for intracellular recording from the motor cortex. By 
C. G. 


A modified ester wax for embedding tissues. By E. H. Lzacu 


A simple photomultiplier photometer of high sensitivity. By 
R. Barer and R. G. UnpERwoop 


The differential effects of procaine narcosis of nerve to soleus on 
tendon jerk and motor twitch. By P. B. C. Marraews and 
G. RusHworTH 


Evocation of milk formation in the virgin rabbit. By F. J. AumontEr, | 
K. J. and N. E. Winstone 


Class demonstration. Ion effects on the isolated heart of Xenopus 
laevis. By R. J. Banister and M. Biears 


Sensory endings in mammalian muscles. By Syst Coorer 


The determination of ATP by firefly luminescence. By G. V. R. 
Born and Epira 
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Anelectrotonic restoration of nerve conduction in heat block of 
the frog sciatic nerve. By J. Cenr* and J. Hevson. Department of 
General Pathology, University of Brussels 

A reversible narcosis or conduction block is produced at a low temperature 
(32-35° C) in the excised sciatic nerve of Rana temporaria by heating the 
whole nerve or a segment of it. The injury potential of the heated nerve is 
known to show a progressive fall, averaging 8 to 9 mV when all fibres become 
inexcitable (Bremer & Titeca, 1934; Pupilli, 1936). A similar critical level of 
depolarization has been observed in nerve block produced by various other 
depolarizing agents, including anoxia (Lorente de Né, 1947). In the last- 
named experiments, part of the blocked nerve fibres regained the ability to 
conduct impulses under the influence of an applied anodal current. 


hig 


Fig. 1. Action potentials recorded from a heated segment of nerve (lower tracings) and from the 
region beyond the heat block (upper tracings). Temperature noted at the lower right angle of 
each record, A, nerve at room temperature; B, C and E, progressive conduction block; 
D and F, partial restoration of conduction by anodal polarization of the blocked segment; 
G, immediate relief of block by cooling the nerve. 


The aim of the present work was to see if a similar restoration could be 
_ observed during heat paralysis, which is probably the expression of thermo- 
dynamic inactivation of the nerve enzymatic mechanisms (Bremer & Titeca, 
1946). The sciatic nerve of R. temporaria is totally immersed under paraffin oil 
in a three-division Perspex chamber, where the central compartment enables 
local heating of a 5 mm long segment of nerve by means of a wire-wound 
resistor. The temperatures in the bath and the central trough are recorded with 
a thermocouple device. One extremity of the nerve is stimulated maximally for 
all A fibres, while action potentials are recorded from both the heated segment 
and unheated distal region of the nerve. 

Weare able to confirm the progressive depolarization of the heated segment, 
and the reduction of spike height in the heating trough preceding the blocking 
of the most sensitive fibres. Observations have also been made on the changes 
in threshold and electrotonic potentials in heated fibres. 

* Chargé de Recherches du F.N.R.S. 
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A deblocking effect of anodal polarization applied on the heated segment 
was regularly noted. This partial restoration takes place even when only 
a small number of A fibres are still conducting (Fig. 1 C and D, E and F). It 
coincides with a lowering of the highly raised local threshold. The optimal 
current intensity used for restoring the fibres has generally a blocking effect 
on the same non-heated nerve. An inverse relationship seems to exist for each 
nerve between the degree of its ability to be restored and its susceptibility to 
anodal block before heating. 

These results are consistent with the view that anodal restoration is related 
to the restitution of membrane potential in the blocked nerve fibres. But, 
according to the recent work of Posternak & Arnold (1954), the deblocking 
effect of the anodal current might also lie in its action on the ionic movements 
underlying nerve activity. 
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Carotid sinus and neurogenic and renal hypertension. By G. Matron. 
Department of Pharmacology, Unwersity of Ghent (Belgium) 

It has been shown by Heymans & van den Heuvel-Heymans (1950, 1951) and 
by Heymans, De Vleeschhouwer & van den Heuvel-Heymans (1951, 1953a, 5) 
that adrenaline, noradrenaline, hydroxytryptamine and vasopressin applied 
locally to the carotid sinus areas induce a stimulation of the baroceptors and 
a marked reflex fall of the systemic arterial pressure. Experiments (Heymans 
& Delaunois, 1951, 1953) also showed that adrenaline and noradrenaline acting 
on the isolated carotid sinus preparation of dogs induce a contraction of the 
carotid sinus arterial wall, an increase of their pressure response and a decrease 
of their distensibility at low, normal and high intrasinusal pressure ranges. 
These findings showed the fundamental role of the biologic condition of the 
carotid sinus wall in the reflex regulation of blood pressure. 

Experiments were performed in order to investigate the incidence of this 
mechanism on the blood pressure of hypertensive dogs. Acute neurogenic 
arterial hypertension was provoked by section of the vagus-aortic nerves and 
clamping both common carotid arteries (hypotension in carotid sinuses). 
Chronic nephrogenic hypertension was induced in dogs by means of the method 
of Page (1939). 

Local application of noradrenaline to the arterial wall of the carotid sinus 
of these hypertensive dogs induces a marked reflex fall of the systemic arterial 
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pressure due to a stimulation of the receptors of the carotid sinus nerves which 
are buffer nerves of the arterial pressure. 
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Acid-base equilibrium between blood and cerebrospinal fluid. 
By J. pz Bersaguss and I. Levsen*. Department of Physiopathology, 
University of Ghent 

In anaesthetized dogs the equilibrium of the pH and the total CO, content 

between blood and cerebrospinal fluid under the influence of metabolic acidosis 

and alkalosis has been examined. Metabolic acidosis was produced by 
intravenous infusion of NH,Cl or HCl. solutions, and metabolic alkalosis by 

NaHCO, or Na,CO, solutions. Samples of cerebrospinal fluid and of femoral 

arterial blood were simultaneously collected just before, 15 min after the 

infusion and 1-2 hr later. The pH of blood and cerebrospinal fluid was deter- 
mined by the glass electrode method. The total CO, capacity was determined 
with a Van Slyke apparatus. 

It was found that the pH of the cerebrospinal fluid remained almost un- 
changed, while the pH in the blood showed marked alterations in these 


experimental conditions. Total CO, content in the cerebrospinal fluid compared | 


to the alterations in the blood also showed only minor changes. These results 
differ substantially from those observed in experimental respiratory acidosis 
and alkalosis where the pH of the cerebrospinal fluid changed in a parallel way 
with the pH of the blood. When these differences between metabolic and 
respiratory acidosis and alkalosis are examined in view of the observations 
that the CO,/HCO, ratio in the cerebrospinal fluid influences the activity of 
the respiratory centre (Leusen, 1954a, b), important aspects of the problem of 
the central chemo-regulation of respiration can be considered. 
* Associé du F.N.RB.S. 
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Histamine and platelet adhesiveness. By Y. Bounameavux*, J. Hucuss 
and J. Lecomte. Institut de Clinique et de Pathologie médicales, Université 
de 

Microcinematographic technique enables the study of plug formation after the 

cutting of a microscopic vessel in the rabbit’s mesentery. When histamine 

(100 g/ml.) is added to the washing solution, the plug formation is facilitated 

(Hugues, 1953). | 

After intravenous histamine in the rabbit (1-50 ug/kg) the average bleeding 
time is reduced (Osterrieth & Lecomte, 1953). Jn vitro, in saline or in citrated 
plasma, histamine promotes platelet agglutination and adhesiveness to foreign 
surfaces. This may explain the haemostatic action of the amine (Jurgens & 
Braunsteiner, 1950; Zatti, 1952; Jurgens, 1954). 

Under other conditions, however, the influence of histamine upon platelet 
adhesiveness is not apparent. Inside intact vessels, platelet agglutination and 
adhesiveness to endothelium does not occur after intra-arterial or intravenous 
injection of histamine nor after adding histamine to the washing solution 
(Hugues & Lecomte, 1954). No thrombocytopaenia occurs after intravenous 
histamine (150 yg/kg). 

Thus the actions of histamine on platelets outside and inside the vessels are 
opposed. Two hypotheses may explain this discordance: (1) discrepancy 
between local concentrations of the drug; (2) necessity of previous platelet 
alteration by tissue juice or by contact with foreign opsonized surfaces. 

* Aspirant chercheur du Fonds National de la Recherche Scientifique. 
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Protection of suprarenals and liver against X-rays by cysteamine. 
By Z. M. Bacg, M. L. BeaumariacE and P. Fiscner. General Pathology, 
University of Liege, Belgium 

In rats irradiated with X-rays (800 r, 250 kV) the ascorbic acid and cholesterol 

content of the suprarenal falls sharply to a minimum 2 hr after irradiation 

from 450 mg/100 g to 252 and from 4-57 mg/100 g to 2-55 respectively. The 
restoration observed after 24 hr is followed on the third and fourth day by 

a second deep fall (242 mg/100 g ascorbic acid, 0-92 mg/100 g cholesterol) 

preceding death. 3 
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If cysteamine is injected immediately before irradiation, the condition of 
the suprarenals at 24 hr is the same as that of the irradiated rats, and the same 
drop in cholesterol content is observed after 2 hr, but there is no second drop 
on the third and fourth day; these animals should have survived. Similarly, 
the slight increase in liver ascorbic acid, most marked 72 hr after irradiation, 
is not seen if the rat has received an injection of cysteamine. The weight of the 
suprarenal increases after 48-96 hr in irradiated rats (from 10-5 mg/100 g 
to 24), but not in cysteamine-protected animals. Three hundred rats have 
been used in these experiments. 

If these changes are interpreted as a result of anterior pituitary hyperactivity 
(stress), it may be concluded that cysteamine does not decrease the primary 
stress but suppresses the secondary endocrine reaction. Some histological 
evidence favours this interpretation (Bacq & Alexander, 1954). 
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The action of cysteamine on a sympathetic ganglion. By M. Gorrarrt. 
Institut Léon Fredericq, Physiology, University of Liége 

When Bacq, Herve, Lecomte, Fischer, Blavier, Dechamps, Le Bihan & Rayet 
(1951) investigated the systemic effects of cysteamine, (SH—-CH,—CH,—NH,), 
on the cat, they did not observe any striking effect on respiration and blood 
pressure after intravenous injection of 5-20 mg/kg of the drug. Administration 
of 100 mg/kg cysteamine, by the same route, produces hypotension, arrest of 
respiration and contraction of the nictitating membrane accompanied by 
block of the effects of preganglionic stimulation. 

Cats were anaesthetized with Dial (Ciba) or chloralose. All the branches of the 
right carotid artery were tied, except those supplying the superior cervical 
ganglion, anda needlecannula was inserted into the central stump of the external 
carotid for close arterial injection (Eccles, 1934). The preganglionic sympathetic 
trunk was stimulated in the neck at a frequency of 1-10/sec and the contraction 
of the nictitating membrane recorded on a smoked drum. Failure of transmission 
across the ganglion can be observed after close arterial injection of 100-250 yg 
cysteamine (Fig. 1). If the ganglion has been treated previously by these doses 
of cysteamine, higher doses up to 5 mg produce a complete block of long 
duration. During the block the ganglion cells are completely insensitive to 
acetylcholine, but retain their full sensitivity to K ions, and the response of the 
nictitating membrane to intravenous injection of adrenaline is unimpaired. 
The ganglion blocking effects of p-tubocurarine, tetraethylammonium and 
hexamethonium are additive with those of cysteamine. The block can be 
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released by short tetanic stimulation of the preganglionic fibres at 47/sec or by 
intravenous injection of eserine. 

On the other hand, if the first injection of cysteamine to the ganglion 
amounts to 0-5-5 mg, relaxation of the stimulated nictitating membrane is 
preceded by a brief contraction (Fig. 2). That this contraction is not due to 
stimulation of extraocular muscles or to a muscarinic effect of cysteamine is 
shown by the fact that this excitation can be observed in.a cat, fully curarized 


Fig. 1. Fig. 2. 

Fig. 1. Cat, 2-65 kg. Blood pressure recorded from the femoral artery. Middle line: isotonic 
contraction of the nictitating membrane. Time: 30 sec. 1, preganglionic stimulation of the 
cervical sympathetic trunk, 2/sec, till the end of the trace. 2, close arterial injection of 250 ug 
cysteamine. 3, intravenous injection of 750 ug hexamethonium bromide. 

Fig. 2, Cat, 4-0 kg. Conditions as in Fig. 1. 1 and 4, close arterial injection of 50 ug acetylcholine. 


2, preganglionic stimulation of the cervical sympathetic trunk, 1/sec, till the end of the trace. 
3, close arterial injection of 500 ug cysteamine. 


by ‘Flaxedil’ (May & Baker) and atropinized. The ganglion cells are presum- 
ably the site of the excitation by cysteamine, as the effect is still obtained after 
chronic preganglionic denervation. If, in an acutely adrenalectomized cat, 
under artificial respiration, the movements of the two nictitating membranes 
are recorded simultaneously and the ganglion supplying one of them is 
removed, intravenous injection of 100 mg/kg cysteamine induces contraction of 
the membrane where the normal connexions to its ganglion have been preserved 
only. Close arterial injection of ethanolamine, cysteine and glutathione up to 
4 mg produce no, or a trivial, depression of ganglionic transmission. Cystinamine, 
b 
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(S—CH,—CH,—NH,),, has the same blocking effects as cysteamine but 
about twice the dose is required and the effect is of shorter duration. 


Thus cysteamine—a very simple molecule, containing no quaternary am- 
monium—produces at lower doses competitive synaptic block and at higher 
dosage stimulation of the ganglion cells. 
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The relation between bone salts and certain synthetic apatites. 

M. J. Datiemaens, CLavpine Fasry and A. 8. Posner. Institut de 

Thérapeutique Expérimentale, Université de Liege, Belgique 

We have previously classified as pseudoapatites (Posner, Fabry & Dallemagne, 
1954) a series of synthetic and biological calcium phosphates with Ca/P weight 
ratios ranging from 1-72 to 2-26, all of which give the X-ray diffraction pattern 
of apatites. This paper will discuss the analogy between the mineral portion 
of bone (Ca/P =2-26) and a member of the synthetic series of the same Ca/P 
ratio. A study of this relatively simple compound will help in the under- 
standing of the structure of bone salt. 

This synthetic phosphate and bone mineral are formed under similar physical 
chemical conditions. When we suspend any of the synthetic pseudoapatites in 
a solution of lime (2 m-equiv/l.) the calcium content of the solid increases and 
stabilizes at a Ca/P ratio of 2-26 (Fabry, 1954). During the formation and 
aging of the bone mineral, calcium is also fixed from physiological solution up 
to the point of a Ca/P ratio of 2-26 (Dallemagne, 1948), as found in adult 
bone. However, in the case of synthetic phosphates, 2-26 can only be 
attained if they are not heated above 37° C before-their suspension in lime 
solution. If they are previously dried at 105° C the upper limit of the Ca/P is 
found to be only 2-14 (Fabry, 1954), the theoretical value for hydroxyapatite. 
Finally, both the calcium concentration in the lime solution in which the 
synthetic materials are suspended, and the calcium concentration in the 
biological fluids in contact with bone are of the same order of magnitude. 

The ideal apatite structure has ten calcium ions and six phosphorus ions 
per unit cell (Naray-Szabé, 1930; Mehmel, 1930) giving a Ca/P of 2-14. To 
explain the existence of compounds with Ca/P lower than 2-14, but yielding 
the X-ray pattern of apatites, Posner et al. (1954) have postulated a defect 
structure wherein the calcium ions are statistically missing from unit cell 
positions in the proportion needed to achieve the proper Ca/P. They also sug- 
gested that the compound with Ca/P equal to 2-26 is a saturated pseudoapatite 
(Ca/P =2-14) with excess calcium in some way distributed in the structure. 
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For each unit cell of the saturated pseudoapatite an excess of half of a molecule 
of calcium will raise the Ca/P to the 2-26 value. This half-mole excess of calcium 
appears to be a fundamental quantity common to this synthetic pseudo- 
apatite and the mineral portion of bone. In both synthetics and bone, the 
Ca/P is sometimes greater than 2-26, but it has been demonstrated (Fabry, 
1954) that this excess of calcium is merely physically adsorbed. This secondary 
adsorption of calcium is of no significance from the point of view of the 
structure of these materials. 

We attempted to differentiate between the extra half-mole of calcium and 
the calcium in lattice positions in the compound with Ca/P equal to 2°26. It is 
possible to follow the uptake of calcium from the lime solution, in which the 
defective pseudoapatites were suspended, by conductivity measurements. The 
ninth and tenth mole of calcium to complete the unit cell structure and the 
extra half-mole were fixed in a continuous chemical manner and it is not 
possible to distinguish them by this technique. Although we did not succeed 
in showing differences between the ‘9th’, the ‘10th’ and the ‘104’ calcium in 
bone and the synthetics, we are able to note a difference between all of these 
ions and the physically adsorbed calcium. Only the adsorbed calcium, above 
the value of 10} moles per unit cell, is lost to the solution after calcination of 
bone at 600° C and its subsequent immersion in water (Dallemagne, Fabry & 
Posner, 1954). In addition, we were able to show, by radioactive calcium 
techniques, that the exchange of adsorbed calcium was different from that of 
the chemically fixed calcium. 

In summation, it was possible to fill the calcium defects in these pseudo- 
apatites and also to fix a stoichiometric excess of calcium in a manner which 
cannot be explained by physical adsorption. Thus we obtained a calcium 
phosphate with a Ca/P weight ratio of 2-26, the same as the mineral part of 
adult bone. At the present time it is not possible to differentiate between the 
calcium ions in the unit cell and the extra calcium ions held chemically in the 
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Forced lengthening of striated muscle during contraction. By X. M. 
AuBErt. Physiological Laboratory, University of Louvain, Belgium 

The tension developed by sartorius muscles from the frog, stretched at 

different speeds during tetanic contraction at 0° ©, has been measured. A 

Levin-Wyman ergometer equipped with strain gauges was used, the — 
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lengthening being limited to 2 mm and the speed varying between 0-06 and 
1-2 cm/sec. In this range, a definite relationship has been found between the 
speed of lengthening (v), corrected for the intervention of a series elastic com- 
ponent, and the force developed (P), of the kind described in the following 
equation v=B exp (P/A), 

where A and B are constants. This equation cannot, of course, be applied to 
isometric conditions. 

Thus the tension does not rise rapidly with the speed as would be expected 
from an extrapolation to lengthening of Hill’s (1938) force-velocity relation 
for shortening. On the contrary, after a sharp initial rise the tension increases 
more and more slowly with increasing speed, as postulated by the kinetic 
theory of Polissar (1952). An interesting point, however, is that the constant 
A of force in the exponential relation is of the same order of magnitude as 
the constant a in Hill’s relation. 

At larger speed the tension does not rise any more and signs of true ‘give’ 
are sometimes obvious in the tension records. 

At a speed lower than 0-1 cm/sec, the heat production rate hardly changes 
during the stretch, even in such a range of length and tension changes Where 
the isometric heat rate increases with those factors. It seems difficult to avoid 
the conclusion of Abbott, Aubert & Hill (1951) that the muscle can effectively 
absorb a certain amount of work per unit of time (up to 20% of its heat rate), 
though the liberation of a small quantity of friction heat corresponding to the 
heat of shortening cannot be excluded from these experiments. 
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Arterial head pressure, peripheral resistance and responses of 
the skeletal muscle vessels to temporary arterial occlusion. 
By J. Lampert. Institut Léon Fredericg, Physiology, University of Liége 


The vascular responses to temporary arterial occlusion in the muscles of the 
skinned hind-limb of the dog, innervated or denervated, have been observed 
by recording simultaneously the arterial head pressure (systemic pressure in 
the contralateral femoral artery or pressure in the peripheral stump of the 
homolateral femoral artery in collateral circulation), the outflow of the femoral 
vein collecting the blood from a muscular vascular bed measured by Gaddum’s 
procedure (Gaddum, 1929) and the plethysmogram of the same region. The 
outflow is expressed in ml./100 g/min and the peripheral resistance in PRU, 
i.e. peripheral resistance units of Green, Lewis, Nickerson & Heller (1944). 
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The responses elicited in the muscular vascular bed by temporary occlusion 
of the iliac artery supplying it were studied for different levels of the arterial 
head pressure; the changes in level were spontaneous or, more usually, 
obtained by graduated clampings of the end of the aorta or by inducing the 
muscular vascular bed in collateral circulation. 

After temporary blockings (15 sec to 1 min) of the arterial supply to the 
studied region the following effects were noted: 

(1) At head pressures varying from 70 to 120 mm Hg, the variations in 
venous outflow were parallel to the changes in volume of the muscular region, 
the peripheral resistance varying in the opposite direction. The steep and often 
very large increase of venous outflow at the time of release of the arterial 
supply corresponded to a lowering of the peripheral resistance, and was followed 
by a drop of the outflow below the initial level with an increase of resistance 
which may be considerable. 

(2) At lower pressures (under 60-70 mm Hg), and this i is also the case in 
collateral circulation, the variations of the outflow often appeared less marked. 
The variations in the peripheral resistance were generally of the same kind as 
for the higher pressures, but the plethysmographic curve on the other hand 
was usually altered, showing either no response at all, or more often a decrease 
of volume during the whole vascular reaction. This means that, during and 
after the circulatory arrest, closure of a part of the vessels and predominance 
of circulation through the preferential channels and/or the arterio-venous 
anastomoses take place. 

(3) The survey of many peripheral resistance curves showed that, whatever 
the initial value of the resistance, it was lowered more or less quickly during 
the arterial occlusion to a minimal value which varied within narrow ranges 
when the head pressures were above 60-70 mm Hg and rose quickly as soon 
as the arterial supply was released, exceeding the initial value. If the initial 
value was low, the change was accordingly small, but was considerable if the 
initial value was high. The outflow and volume varied in the same direction 
when the number of open vessels remained unchanged. 

The muscular vascular response to arterial occlusion appears thus to be 
determined in character and magnitude by two main factors: (1) the initial 
peripheral resistance, and (2) the number of open vessels at lower levels of head 
pressure (mechanical role of the pressure necessary to open the vessels), From 
a consideration of the results it is concluded that the changes of the peripheral 
resistance reflect those of the vascular tone in the present experiments. The 
magnitude of the vasomotor response appears thus to be inversely proportional 
to the initial blood flow. It is tentatively suggested that the muscular vascular 
response to temporary ischaemia may be due to variations in the production 
or intravascular activation of a vasoconstrictor substance, which normally 

maintains the vascular tone and is destroyed in situ at varying rates. 
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Carbohydrate metabolism during pregnancy in the rabbit. By 
L. Brassevur, Fellow F.N.R.S., Medical Clinic, University of Louvain 


This experimental study illustrates the diabetogenic effects of gestation, effects 
which are more marked in the presence of some factors impairing insulino- 
genesis or insulin action (Hoet, 1953). These factors may be alloxan, or injec- 
tion of adreno-corticoid hormones. 


Tasxz i. Glucose tolerance in non-pregnant rabbite* 


Normal rabbit ACTH (2 mg/kg) Cortisone (5 mg/kg) 

(average: 50 animals) —— A 

After 3 days After lidays After 3 days After 13days 
Fasting 0-87 (0-60—1-06) 1-00 0-85 1-52 0-99 
30 min 1-84 (1-13-2-92) 1-70 1-88 2-40 2-20 
60 min 1-18 (0-70—1-42) 0-85 1-40 1-74 1-22 
90 min 1-00 (0-64—1-38) 0-96 1-43 1-56 0-95 
120 min 0-95 (0-64—1-29) 1-28 1:10 1-34 0-99 


* Blood glucose figures in mg glucose/ml. blood. 
TaB_E 2. Glucose tolerance in pregnant rabbits* 


ect Non-treated rabbit ACTH (2 mg/kg) Cortisone (5 mg/kg) 
pregnancy ... 20 30 15 29 15 25 
Fasting 0-65 0-88 1-36 1-03 1-56 1-29 
30 min 2-06 2-94 3-40 4-36 3-64 3-60 
60 min 1-36 2-40 3-02 3-72 3-67 2-78 
90 1-22 1-66 2-63 3-05 2-93 2-04 
120 min 1-40 1-12 1-76 3-17 2-30 1-78 
TaB_e 3. Rabbit, injected with alloxan (75 mg/kg) before pregnancy* 
Day of pregnancy ... 1 15 20 
(2 days after 
of foetuses) 
Fasting 0-73 0-95 0-75 
30 min 1-48 3-48 1-22 
60 min 1-08 1-92 1-16 
90 min 1-25 1-82 1-03 
120 min 1-14 1-25 1-18 


* Blood glucose figures in mg glucose/ml. blood. 


Our characteristic data are summarized in the following tables, with reference 
to results obtained in normal non-pregnant rabbits, injected with the same 
hormones. Normal, non-pregnant rabbits have quite regular glucose tolerance 
curves. Glucose is injected intravenously at the dose of 1 g/kg body wt. and 
measured, in venous blood, 30, 60, 90, 120 min after injection (Table 1). 
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Glucose tolerance is often reduced during gestation (Table. 2). Diabetogenic 
effect of pregnancy is more pronounced if subdiabetogenic doses of alloxan are 
given before (Table 3). 

The diabetogenic effect of ACTH, cortisone or hydrocortisone, given at 
different doses (2, 5 and 10 mg) is far more pronounced in pregnant than in 
normal, non-pregnant animals (Tables 2 and 1). As a rule, this dosage of 
ACTH or cortisone produces an interruption of pregnancy, by abortion or by 
resorption of foetuses (Robson & Sharaff, 1952; Courrier & Colonge, 1951). 

Our thanks are due to the ‘Fonds National de la Recherche Scientifique’ for their continual aid. 
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Swallowing without elevation of the larynx. By G. M. Arpran and 
F. H. Kemp. Nuffield Institute for Medical Research, University of Oxford 


Most text-books state that elevation of the larynx is an integral part of the act 
of swallowing to prevent food from entering the air passages. Cinéradiography 
has shown that while elevation of the larynx affords some protection for the 
airways, by arching the larynx backwards so that the superior laryngeal 
aperture lies beneath the overhanging epiglottis, closure of the larynx is 
effected by a muscular sphincteric mechanism (Ardran & Kemp, 1952). 
Three normal adult males were examined by cinéradiography while swallow- 
ing a pint of thin barium emulsion. They all believed that they could empty 
a tankard of ale without a pause; the third thought he could do this without 
making swallowing movements. The first two subjects swallowed the barium 
by forming a series of separate boluses. The first bolus was swallowed in the 
usual manner; the larynx was elevated and the lumen arched backwards while 
the leaf of the epiglottis was turned down and the larynx closed (Ardran & 
Kemp, 1951). As the first bolus passed down the oesophagus the larynx began 
to return to the position of rest, the laryngeal airway opened and filled with 
air from below and the epiglottis was slightly raised. Before the pharyngeal 
airway could be restored and while the epiglottis was still turned down, 
a second bolus of barium entered the pharynx and was swallowed in the same 
manner as the previous one. These movements were repeated until the glass 
was empty, the epiglottis remaining down until the airway was re-established. 
The third subject showed that he could swallow in the usual manner. He did 
not make the usual swallowing movements when drinking a large amount 
quickly; when swallowing began the larynx was slightly raised and the epi- 
glottis was tilted backwards, but as more of the fluid was swallowed the 
larynx was lowered and drawn forwards, the capacity of the pharynx being 
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considerably increased; the epiglottis remained erect and the larynx closed. 
When the pharynx was full the tongue and the whole of the larynx were drawn 
backwards so that the mass of the bolus was displaced downwards. Then the 
pharynx was filled again, and the same sequence of movements was repeated 
until the glass was empty. Similar movements have been seen in patients 
suffering from neuromuscular disorders. 
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Partial bleaching experiments on the retinae of anaesthetized 
guinea-pigs. By R. A. WEALE 


Properties of the laryngeal joint proprioceptors of the rat. By 
B. L. ANDREW 


The effect of 2, 4-dinitrophenol (DNP) on smooth muscle. By 
G. V. R. Born and Eprra Bisrine. Department of Pharmacology and 
Nuffield Institute for Medical Research, University of Oxford 

Longitudinal intestinal muscle (taenia coli of the guinea-pig) was exposed to 

DNP in concentrations ranging from 3 x 10-* to 3 x 10-* a. 

Low concentrations of DNP increased tension and spontaneous activity. 
Intermediate concentrations at first increased and, when left in contact with 
the tissue, decreased both spontaneous movements and tension. High con- 
centrations caused depression only. When, after periods of up to 1 hr, DNP was 
removed, the muscle resumed its spontaneous activity and tension. | 

Low concentrations of DNP increased the rate of oxygen consumption. With 
successively higher concentrations this increase also occurred but gave way, 
more and more rapidly, to a depression of oxygen uptake. This was, however, 
not reduced to zero but remained at a steady low rate. When, after 1 hr, the 
DNP was removed, the oxygen consumption returned to normal. Recovery 
was always preceded by a period in which oxygen uptake considerably ex- 
ceeded the normal rate. | 

The ATP concentration was not significantly altered with concentrations 
of DNP below 3 x 10-* m and was decreased with higher concentrations. 
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Single-unit activity in the auditory cortex of the cat. By P.W. Davigs, 
8. D. Erutxar and J. E. Ross. Department of Biophysics, Physiology 
and Psychiatry, The Johns Hopkins University, Baltimore, Maryland, 
U.S.A. 

Platinum-coated indium microelectrodes, 2-5 u in tip diameter, were em- 

ployed for single-unit recording in the first auditory area of the cat. Cortical 

movements were prevented by using a watertight window, consisting of a flat- 
rimmed circular wall of dental impression cement attached to the skull around 
an $ in, trephine hole and covered by a glass disk of larger diameter. A micro- 
meter drive mounted in the centre of the disk holds the microelectrode and 
provides longitudinal positioning. Lateral positioning is accomplished by 
sliding the disk manually. Auditory stimuli were either single short clicks 
delivered by an earphone placed at the contralateral ear or tones delivered by 

a loud speaker. 

Evidence suggests that the initially negative spikes are recorded at some 
distance from the cell, while initially positive potentials occur when the 
electrode impinges upon the soma. Under general anaesthesia (barbiturates, 
chloralhydrate, chloralose, or ether) some units were unresponsive to any 
acoustic stimuli employed; the large majority responded only occasionally ; 
a small fraction of all units responded invariably to an adequate stimulus. 
Deepening of anaesthesia impairs or eliminates the responsiveness of such 
secure units. Some securely driven units were activated by both clicks and 
tones, while others responded only to tones or sounds of considerable duration. 

Units activated by clicks. The usual response consisted of one spike only, 
Trains of two spikes (mean interval about 2-7 msec) were common, while 
a response consisting of more than three spikes was rare. The click response 
to a supramaximal stimulus may be early (6-12 msec) or late (60-200 msec). 
Decrease in the intensity of the stimulus usually causes: (a) an increase in 
mean latency to the first spike (ranging from 0-6 to 5-6 msec); (b) a diminution 
of the number of spikes in a train, The difference between threshold intensity 
(probability of a response = 0-5) and that just strong enough to cause a response 
every time is 5-10 db. 

Units activated by tones. Units responding to tones varied greatly in their 
capacity to discriminate frequencies. In these units the number of spikes in 
a response varied from a transient burst at the beginning of the stimulus to 
a sustained low-frequency discharge of over 1 sec. Spontaneous discharges of 
a unit may be abolished by a specific tone. In a click response, a background 
of a given tone may materially increase the mean latency to the first spike, and 
decrease the number of spikes in a train. 


The proportion of ciliary force required for wei eeamaamed By 
E. F. Fincnam 
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Acid-base studies during hypothermia. By E.G. Brewin and E. New. 
Department of Physiology, Middlesex Hospital Medical School, and 
Department of Thoracic Surgery, Guy’s Hospital, London 

In forty-one dogs anaesthetized with thiopentone, the body temp. was lowered 
to 26° © by extra-corporeal blood-stream cooling. All operative procedures 
were carried out with aseptic precautions. Samples of blood were removed at 
intervals. Blood-COg, -lactate, -glucose, serum-potassium concentrations, 
plasma pH and haematocrit values were determined. Some samples were used 
to construct CO, dissociation curves and pH/pCO, and bound CO,/pH plots. 
From such data the arterial CO, tension of a given blood sample could be 
calculated. Experiments were performed in animals, (i) breathing spon- 
taneously (air or oxygen), and (ii) subjected to pump ventilation (using air or 
oxygen). Some of the animals in each group received blood infusions. After 
cooling, the animals were allowed to rewarm spontaneously. Pump ventilation 
was discontinued when the rectal temperature exceeded 30° C. When breathing 
resumed, the respiratory movements were violent and the pulmonary ventila- 
tion considerably raised, but despite this the arterial blood was not fully 
oxygenated. In a third group, the animals (on pump ventilation) were sub- 
jected to thoracotomy; the circulation was arrested by clamping both venae 
cavae for 10 min. After removing the clamps and restoring the circulation the 
chest was closed and the animal was allowed to rewarm. Some of these animals 
also were given blood infusions. 

Results. Study of the dissociation curves and pH plots demonstrated the 
development of a non-gaseous acidosis in all these animals. The acidosis some- 
times appeared during the later stages of cooling, but was always present 
during rewarming. The acidosis was least marked when operative interference 
was minimal and when no blood was transfused. Transfusion of even fresh 
heparinized blood increased the severity of the acidosis and raised the blood 
lactate concentration; the use of acid-citrate blood greatly aggravated the 
acidosis. Animals subjected to thoracotomy without circulatory arrest deve- 
loped a metabolic acidosis during rewarming equivalent to a reduction in the 
blood CO, combining power of 4-6 m-equiv/l. When circulatory arrest had also 
been induced, the metabolic acidosis was more profound. If blood were given 
during these experiments the blood CO, combining power was often reduced 
by 8-10 m-equiv/l. by the time normal temperature was restored, coinciding 
with raised blood lactate concentrations, often to above 9 m-equiv/l. 

Similar results have been obtained in three human operation cases using 
hypothermia. 

Acid citrate blood is wholly unsuitable for transfusion in cases of acidosis 
due to hypothermia or other causes. Such blood has a CO, combining power 
of only 20-25 vol.% at pCO, 40 mm Hg. 
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Action, and spontaneous release, of acetylcholine at an‘ inexcitable’ 
nerve-muscle junction. By J. pet Castiti0 and B. Karz. Department 
of Biophysics, University College, London 

When a frog nerve-muscle preparation is immersed in an isotonic K,SO, solu- 

tion, the muscle becomes reversibly inexcitable and depolarized. Under these 

conditions, if a recording microelectrode is inserted into a muscle fibre at its 
end-plate region, the membrane appears to be ‘quiescent’ and to show no signs 
of spontaneous electric activity (Fatt & Katz, 1952a) nor of a response to 
applied acetylcholine (ACh). However, the picture changes when a steady 
electrotonic potential is established across the depolarized end-plate membrane. 

When this is done, an electric reaction to ACh, previously latent, is observed 

in the form of a transient reduction of the electrotonic potential. Furthermore, 

spontaneous ‘miniature end-plate potentials’ are now visible, similar to those 
seen at normal end-plates, but consisting of brief, impulsive, reductions of the 
electrotonic potential. 

These results are of two-fold interest. They show that ACh lowers the electric 
resistance of the end-plate membrane, in a medium which contains neither 
sodium nor chloride, but only potassium and sulphate ions. This confirms the 
view that the local action of ACh involves an increase of permeability to other 
ions besides Na (most probably to K, perhaps also to other species). 

Secondly, the persistence of a spontaneous discharge indicates that the 
quantal release of ACh which occurs at normal motor nerve endings, is still 
operative under conditions of electric inexcitability and in the absence of 
external Na salts. This seems to rule out the hypothesis (Fatt & Katz, 19525) 
that the liberation of ACh ions from nerve endings may occur by a specific 
exchange for external Na ions and depend directly on the Na concentration in 
the surrounding medium. 

REFERENCES 
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Electrical activity in the eye of the locust. By E. T. Burrr and 
W. T. Carron. Department of Zoology and Department of Physiology, 
King’s College, Newcastle upon T'yne 3 

Action potentials occur in the ventral nerve cord of the locust in response to 

light turned on and off and to movement of objects (Burtt & Catton, 1952, 

1954). A shielded microelectrode, inserted into the compound eye, has revealed 

the following types of intraocular potentials. (1) An ‘illumination’ potential 

consisting of slow waves at on and off (Autrum, 1950); (2) sinusoidal oscilla- 
tory waves at a frequency of about 15/sec, similar to the light rhythms pre- 
viously reported in the grasshopper eye (Crescitelli & Jahn, 1942); (3) spon- 
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taneous large and small sharp wave activity ; (4) medium spike activity related 
to movements and to on and off. Type (1) potentials undergo reversal of sign 
at a depth of 0-5-1-0 mm, and are obtained in all preparations. Types (2) and 
(3) are rarely observed and are not sharply localized in depth. Type (4) shows 
an abrupt onset at about 1 mm and ceases at between 1-5 and 2-0 mm depth. 

The expenses of this work were aided by a grant from the Research Fund of King’s College, 
Newcastle upon Tyne. 
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Synchronized discharges from the Organ of Jacobsen. By 
E. D. Aprian. Physiological Laboratory, University of Cambridge 


The Organ of Jacobsen is an elongated sac opening into the mouth or nose and 
lined with sensory epithelium like that of the olfactory organ. In the rabbit it 
forms a long tube, $ mm or less in diameter, lying horizontally in a fold of 
cartilage at the lower border of the nasal septum and opening in front into the 
cleft immediately below the nostril. Allison (1953) reckons that there are 
about 1-6 million receptors in the wall of the tube. Their axons are non- 
medullated and run back in several strands, the vomero-nasal nerves, to end 
in the accessory olfactory bulb which forms a slight swelling at the back of the 
main bulb. The nerves are 1-3 cm long and lie under the septal epithelium. 

In lizards and snakes there is evidence that the organ plays a part in feeding 
reactions. In the rabbit it is difficult to see how stimulating molecules could 
reach the receptors except by slow diffusion, but the precise function of the 
organ is of less immediate interest than the fact that the nerves from it are 
much longer and more accessible than those from the olfactory organ. These 
too are non-medullated, but the discharges in them have never been recorded 
and indeed we know very little about the nature of the discharge in any other 
non-medullated sensory fibres when their receptors are stimulated. 

When a wire electrode leads from the outer layer of the accessory olfactory 
bulb in a rabbit under urethane, it is found that the usual olfactory stimuli 
have no effect, but slight pressure on the fold of cartilage which encloses 
Jacobsen’s organ usually produces a characteristic electrical activity—a train 
of sinusoidal waves, with a frequency ranging from 40 sec to 20 sec or less. The 
activity resembles that from the outer layers of the olfactory bulb proper when 
the nose is stimulated by a smell and there is the same transition to the mitral 
cell type of discharge when the electrode is placed more deeply. In a good 
preparation light pressure on the organ does not seem to cause permanent 
damage, for the discharge in the accessory bulb can be produced repeatedly. 
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If the vomero-nasal nerves are dissected out and cut near the cribriform 
plate, the same kind of electrical activity can be recorded from the nerve trunk, 
pressure on the organ producing a similar train of sinusoidal waves with the 
same frequency range (Fig. 1). The waves in the olfactory bulb are certainly due 
to synchronized activity in many units (Adtian, 1950), and these records 
show that in similar units synchronization can occur before the axons reach 
their termination. 


Fig. 1. A. Potential waves from accessory olfactory bulb produced by pressure on the anterior end 
of Jacobsen’s organ. Rabbit under urethane. B. Same preparaticn. Lead from vomero-nasal 


nerve cut proximally. Record of the beginning and ending of the discharge produced by 
pressure on the organ. 

In the true olfactory discharge the synchronization develops progressively, 
and with weak stimuli the units can act independently. In the present experi- 
ments the stimulus is abnormal and there is the possibility of interaction at 
the cut end of the nerve, but the synchronization of the discharge shows the 
extent to which axons or dendrites without a myelin sheath might influence 
one another within the central nervous system. 
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Changes in intracellular electrolytes of rat muscle induced by 
electrolyte deficient diets, and after hypothalamic lesions. By 
J. H. Cort and R. J. Keeiter 


Receptors in the stomach and the bladder. By A. Icco. Department of 
Physiology, University of Edinburgh 

Impulses have been recorded in afferent fibres of the cervical vagus of the 

anaesthetized goat during distension of the reticular and ruminal sacs of the 

stomach, and of the pelvic plexus of the anaesthetized cat during distension 

of the urinary bladder. 
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The majority of the gastric afferent units responded with little or no adapta- 
tion to sustained inflation of the stomach. Rapidly adapting units were 
observed infrequently. In some instances the rate of discharge was linearly 
related to the degree of filling of the stomach, and these units are thus similar, 
in this respect, to those which Paintal (1953) has found in the cat. The rate of 
discharge increased several-fold during isometric contractions of the stomach, 
which were superimposed on different initial levels of inflation. The location of 
some of the receptors has been established by exploring the stomach with 
a probe and by pulling on strips of the stomach wall. In each case they were 
situated near the junction of the oesophageal groove with the reticulo-rumina] 
sac. Digital compression was a very effective stimulus. 

A discharge of impulses was recorded in single afferent units when the bladder 
was distended by the inflow of 0-9% NaCl solution at 38° C from a reservoir. 
As the intravesical pressure rose there was a burst of impulses, the frequency 
of which reached a maximum of 20-30/sec and then fell sharply although the 
pressure was still rising. The response of 2 units in the same nerve filament, 
however, was not identical. During rhythmic isometric contractions of the 
bladder, impulses were recorded in the afferent units during the rise in intra- 
vesical pressure. The receptors were located at the neck of the bladder and 
could be stimulated by pulling on strips of the bladder wall. 

From the behaviour of the gastric and bladder receptors during passive 
distension of the viscus, pull on strips of the wall and active contraction of the 
organ, it is suggested that the receptors are tension receptors in series with the 
muscle. No evidence has been found which suggests that visceral receptors are 
in parallel with the muscle or act as so-called volume receptors. 


REFERENCE 
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Probable absence of a stretch reflex in extraocular muscles. By 
P, M. Danret and D. 


Some correlations between the structure and electrophysiology 
of false tendons as observed in the hearts of dogs and goats. 
By M. H. Draper. Department of Physiology, University of Edinburgh 
Recent electrophysiological studies on that part of the conducting system of 
the mammalian heart known as the false tendons (Draper & Weidman, 1951) 
have led to a more detailed study of their structure and to considerations of the 


relationship between the cells of the conducting system and the cardiac muscle 
fibres. 
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The false tendons ramify in an extremely variable manner on the inner walls - 
of the ventricles. They arise from an area in the midline of the interventricular 
. septum below the cusps of the valves and follow a variable and often complex 
course to the papillary muscles and the outer and inferior parts of the ventricle. 
In their course they may frequently branch and join other false tendons or 
re-enter the endocardium, They may have an extensive distribution or be 
almost entirely absent. 

The microscopic structure shows that the false tendons consist of an un- 
usually substantial connective tissue sheath in which are embedded a system 
of cells usually known as Purkinje cells. These differ from cardiac muscle cells 
in that they are larger (20-30 in diameter); have the appearance of a definite 
cellular structure with one and often two or more large nuclei per unit; and the 
cytoplasm is only partially filled with cross-striated fibrils. These fibrils are 
often arranged irregularly and run from unit to unit longitudinally and 
frequently laterally. Transverse sections show that this lateral exchange of 
striated fibrils can be most extensive in the goat and occur between whole 
groups of cells. This extensive lateral fusion is not observed between cardiac 
muscle cells, Usually the arrangement of Purkinje cells in a false tendon is of 
the nature of an irregular syncytium, any cells going to a branch of the false 
tendon are derived from this syncytium. 

The Purkinje cells in false tendons have a membrane potential of 90 mV and 
a propagated action potential (about 2 m/sec) with reversal of the membrane 
potential, despite the apparent division of the columns into short cells. The 
fact that such a syncytium can be probed with a microelectrode with com- 
parable results to those obtained from more regular cells, indicates that there 
is a physiological membrane with similar properties to that of striated muscle, 
but it is very difficult to determine the relation of this membrane to the 
syncytium. 

Small unmyelinated nerve fibres, but no nerve cells have been found in the 
connective tissue on a few occasions. This suggests that the inherent rhythmicity 
is a property of the Purkinje tissue. The rate of beating in isolated dog false 
tendons is in the same range as that observed in dogs with complete heart 
block (Erlanger & Blackman, 1910). 

Goat Purkinje cells are larger than dog cells and have less striated material. 
This may be correlated with the observation that dog false tendons beat 
mechanically while goat false tendons are mechanically quiescent yet rhythmic 
action potentials are present. 
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_ Afferent impulses in the hypoglossal nerve on stretching the cat’s 
tongue. By Coorger. University Laboratory of Physiology, Oxford 


In a recent paper (Cooper, 1953) I showed that the intrinsic muscles of the 
human tongue contain muscle spindles and stated, without details, that I had 
detected afferent impulses in the cat’s hypoglossal nerve on stretching its 
tongue. 

in hee cats, under sodium pentobarbitone or decerebrated, the head was 
fixed and the tongue was arranged for lengthwise or lateral pulls. The branch 
of the twelfth nerve supplying the intrinsic muscles (Abd-el-Malek, 1939) was 
isolated under the jaw near the entry to the muscles, slips were cut from it and 


Fig. 1. Cat. Afferent discharges in slips of the hypoglossal nerve. a, Stretching the tip of the 
tongue, signalled by movement of the baseline. 5, Lateral stretch, not signalled. Time 50 c/s. 


laid on silver electrodes. Any activity in the nerve was recorded by cathode- 
ray tube, amplifier and camera. Some slips showed no activity but a number 
of them gave spontaneous discharges, some of which could be influenced by 
stretching the tongue, Fig. 1a shows a single unit which responded to stretch 
of the tip of the tongue by hand. The rate of discharge was sensitive to the 
degree of stretch and adapted slowly; during one pull the rate hardly altered 
during 4 sec. It slowed slightly below the resting rate on release of stretch, . 
before returning to the resting rate. Fig. 16 shows a number of units responding 
to a lateral stretch of the tongue. Some of the afferent nerve fibres appear to 
be collected into one bundle and, in successful experiments, this bundle was 
often isolated early before the blood supply of the nerve was damaged. 
There are no muscle spindles in the cat’s intrinsic tongue muscles and I have 
no information about the structure of the muscle receptors that were being 
stimulated, but these results give proof that the peripheral fibres of the cat’s 
hypoglossal nerve carry afferent discharges during stretch of the tongue. 
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The effects of an electrocution procedure for the destruction 
of unwanted dogs and cats. By T. D. M. Roserrts. Institute of 
Phystology, University of Glasgow 

Large numbers of unwanted dogs and cats are destroyed each year in Great 

Britain, and in many centres the method of destruction usually used hitherto 

has been by electrocution in a specially designed cabinet. In this device the 

current is not passed through any part of the animal’s head and the question 
has been raised as to whether, in these circumstances, the current can produce 
unconsciousness directly. 

It is usual for the current to be applied for such a period that the animal goes 
limp without crying out when the current is switched off. Seven seconds is 
usually long enough for a dog (where the current passes between a metal chain 
round the neck and a metal plate on which the dog stands); a full minute is 
required for a cat (where the current is applied between fore-feet and hind- 
feet). If the current is switched off too soon, the animal cries out and the 
current is switched on again. 

Records of the e.e.g. from implanted electrodes have been obtained in 
a number of dogs before, and immediately after, electrocution in a standard 
cabinet by the usual routine. Many of the records show a persistence, for 
a few seconds immediately after the shock, of a pattern of cortical activity 
which is not markedly different from that recorded before the current was 
switched on. At about 12-15 sec after the beginning of the shock, characteris- 
tic changes appear in the e.e.g. and these lead in a few seconds to complete 
cessation of cortical activity. Records of intracranial pressure obtained during 
the shock itself show that the heart stops pumping when the current is 
switched on. 

Compression of bilateral carotid loops in dogs, whose vertebral arteries had 
previously been tied on each side at the level of the first rib, usually, but not 
always, produced a faint within 20 sec. The associated e.e.g. changes began at 
around 15 sec from the onset of arterial occlusion and closely resembled some 
of the e.e.g. changes seen in the electrocuted dogs. 

It is concluded that the unconsciousness which precedes death in electro- 
cuted dogs is due to cerebral anoxia following ventricular fibrillation. There is 
no evidence that, in the normal course of events, the shock itself produces 
directly any loss of consciousness in the dogs. (In a very few cases a fit was 
observed.) 

These findings have been reported to the Euthanasia Subcommittee of the 
British Veterinary Association, and it was resolved to recommend that the use 
of this procedure for electrocution of dogs and cats should be discontinued 
forthwith. 

The results and conclusions of this investigation were foreseen by Dr Phyllis G. Croft in 1952 
on the basis of her experience in the study of the effect of procedures used in slaughter houses 
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for the electric stunning of animals (where the current is passed across the head), Accordingly, 
Dr Croft and Major C. W. Hume of the Universities Federation for Animal Welfare have both 
been very active in calling for a reconsideration of the alleged humaneness of the electrocution 
procedure referred to here. 


Slow loss of amino-acids from crab nerve. By P. R. Lewis. Physio- 

logical Laboratory, University of Cambridge 
The leg nerve of Carcinus maenas, the common shore crab, contains a very 
high concentration of free amino-acids. The dicarboxylic amino-acids, aspartic 
and glutamic, which presumably exist as monovalent anions, are sufficient to 
balance much of the internal potassium, and the neutral amino-acids, alanine 
and taurine, make a significant contribution to the total osmotic pressure of 
the axoplasm (Lewis, 1952). The leakage of these amino-acids from nerve has 
been studied by enclosing the central portion of a whole nerve trunk in a 2 cm 
long capillary tube of glass or polythene. The ends of this tube, and the nerve 
protruding from them, were bathed in an oxygenated Ringer, Fluid from 
immediately around the nerve was withdrawn by a microsyringe at a rate of 
about 0-6 yl./min through a hole drilled centrally in the capillary wall. This 
method avoided contamination by substances leaking from the damaged ends 
of the nerve. 

The rate of leakage of these amino-acids from freshly dissected, resting 
nerve is very low—certainly no greater than 1 m-mole/kg of nerve/hr com- 
pared with a potassium leakage of the order of 16 m-moles/kg/hr in a 3 mu 
potassium Ringer. The rate of amino-acid leakage appears to be independent 
of the external potassium concentration over the range 3-34 mm. Stimulation 
causes no detectable increase in this rate; any extra loss of amino-acids on 
stimulation must be less than 5%, of the potassium loss (calculated on a molar 
basis). 

About 2 hr after dissection nerves usually began to leak amino-acids more 
rapidly ; and at the same time the leakage of potassium increased by an approxi- 
mately equivalent amount, This increased leakage is presumably due to 
deterioration of some, probably the smallest, of the fibres in the whole trunk. 

The small net leakage of amino-acids from fresh nerve could be the result of 
a rapid loss and nearly as rapid reabsorption (though the latter process would 
have to operate against a high concentration ratio and would therefore require 
a large expenditure of energy). This possibility is difficult to rule out without 
the use of tracers. A simpler explanation is that the nerve membrane is much 
less permeable to these amino-acids than it is to potassium. Low permeability 
would be advantageous if their main function were merely to provide anions 
to balance the internal potassium and solutes to balance the external tonicity. 
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Linked sodium and potassium movements in human red cells. 

By I. M. Giynn*. Physiological Laboratory, University of Cambridge 
Human red cells are generally believed to maintain their ionic composition by 
pumping K in and Na out using energy derived from glycolysis. Observations 
on Na movements at low external K concentrations (Harris & Maizels, 1951) 
suggest that the movements of the two sorts of ion might be linked. 

This theory was tested by studying the parallel effects produced on K influx 
and on Na outflux by variations in external Na and K concentrations, 
temperature and the availability of glucose. Washed, freshly drawn human red 
cells were suspended in media containing Na, K, Ca, Mg, Cl and phosphate 
buffer. Na and “K were used as tracers. 

Experiments on K influx show that there is a small component of influx 
which varies linearly with external K, and which is probably due to a leak, and 
a much larger non-linear component which is considerably reduced by glucose 
deprivation. The glucose dependent K influx increases with increasing external 
K at low concentration but levels off when external K reaches about 8 mm. 

Sodium efflux, in cells provided with glucose, is independent of external K 
concentration at K levels between 8 and 50 mm, but below 8 mm efflux is 
decreased and at 0-03 mm—the lowest concentration obtainable—Na efflux is 
reduced by up to one-third of its value at high K concentrations. Thus one- 
third, at most, of Na efflux is linked to K influx, and if the Na and K fluxes 
caused by the ‘glycolytic pump’ are tightly linked one must assume that the 
other two-thirds of the Na efflux is independent of glycolysis. That this is true 
is shown by the effects of glucose deprivation at different external K concen- 
trations. At K concentrations approaching zero, glucose deprivation has no 
effect on Na efflux, while the extra Na efflux produced by raising the external 
K to 5 mm is reduced by 75% in the absence of glucose. Since the small 
residual effect of K may well be due to incomplete shutting off of the energy 
supply, it seems reasonable to suppose that Na efflux is made up of two com- 
ponents: one K linked, glucose dependent and metabolically driven; the other 
larger, unaffected by K, independent of glucose and perhaps not driven by 
metabolism. 

Although only part of the Na efflux is dependent on glucose it does not follow 
that Na leaves the cell by two different routes. Since the temperature coeffi- 
cients of the two components are, within the limits of error, the same, a single 
path through the membrane seems more likely. 


* Medical Research Council Scholar. 
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The measurement of rhodopsin in the humaneye. By F. W.Campse.. — 


and W. A. H. Ruston. Physiological Laboratory, Unwersity of 
Cambridge | 
At the Cambridge meeting of the Society in May 1954 we demonstrated physic- 
ally the bleaching of rhodopsin in the normal human eye. We here give some 
results obtained with this technique, and the grounds for our belief that it is 
the rhodopsin level that in fact we measure. 

Apparatus. This is a modification of that described earlier (Rushton, 1952). 
A narrow beam of light is projected into the eye, and the small fraction which 
is reflected back from the choroid (passing for a second time through the retina) 
is deflected by an ophthalmoscopic arrangement and received by a photo- 
multiplier tube. Between the light source and the eye is placed a rotating 
colour wheel so that the incident light on the eye is alternately orange and 
blue-green. A purple wedge also in the path is adjusted so that the photocell 
output is the same for the orange and the blue-green lights. Any change in the 
rhodopsin level of the retina will upset the equality of output, but this may be 
restored, e.g. by increasing the purple wedge to compensate for the decrease in 
the purple of the retina. The change in rhodopsin concentration is thus measured 
directly by the change in wedge setting, and is relatively independent of 
fluctuations in the intensity of the light source or the sensitivity of the photocell. 

Results. In bright light rhodopsin bleaches fast; in the dark it regenerates 
and is half restored in 7 min. A measurement takes some 5 sec to make, and 
has an error of about 5°% of the total rhodopsin content (i.e. of about 0-003 
density unit). The time course of bleaching has the expected exponential form, 
the rate of fall being proportional to the intensity of the light. When mono- 
chromatic bleaching lights are used, equal bleaching rates result when the 
lights have equal scotopic luminosities. Thus the action spectrum of the change 
we measure is the same as that of rhodopsin (within a rather large experimental 
error). The rhodopsin concentration at a point in the dark-adapted retina is 
found by noting the change of wedge setting on bleaching. By choosing various 
positions for our fixation light we could investigate the rhodopsin content of 
various regions of the retina. For instance, we have mapped for two subjects 
the horizontal meridian between 45° nasal and 45° temporal. The two maps 
are repeatable and similar to each other. Special points of interest are that no 
bleaching at all was found on the blind spot or on the fovea. Cone pigments 
therefore do not influence our measurements. With regard to other regions, 
there is a close resemblance between our map of rhodopsin concentration and 
Msterberg’s map of rod concentration. 

Since our technique measures something which corresponds to rhodopsin 
bleaching as a function of time, of intensity, of wavelength and of retinal 
position, we think that it is the rhodopsin change that we measure. 
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The photosensitivity of mammalian rhodopsin in situ. By W. A. 
Haatns. Physiological Laboratory, University of Cambridge 


If an excised eye of a dark-adapted albino rabbit be arranged so that the retina 
is illuminated evenly with light of known intensity and wavelength, the retinal 
rhodopsin will bleach without regenerating appreciably, and the reflectivity of 
the fundus will increase (Hagins & Rushton, 1953). Furthermore, if the light- 
sensitive pigment is fairly evenly distributed over the illuminated area, and if 
the quantum efficiency ¢ of bleaching and the molar extinction coefficient ¢, 
of rhodopsin are constant, the rise of retinal reflectivity with time will follow 
a simple equation based upon the Bouguer-Beer law of light absorption in 
which the product ¢e,, the photosensitivity at wavelength A, will appear as 
a rate constant. 

A series of eyes bleached with light of dominant wavelength 516 my at 
temperatures between 4° and 21°C have yielded curves well fitted by the 
simple equation. The photosensitivity of rhodopsin appears to be independent 
of temperature over the range studied and has the mean value (+ s8.D.) of 
27,000 + 2000 cm?/m.mole (n= 16), calculated at 498 my. Digitonin solutions 
of rabbit rhodopsin solidified as agar gels and treated in the same way as 
excised eyes are much less photosensitive, giving a mean value of ¢e, of 
17,000 + 1000 (n=8), again calculated at 498 my. 

The increased photosensitivity of rhodopsin im situ may be due to a com- 
bination of several factors, among which are the well-known transverse orien- 
tation of rhodopsin chromophores in the retinal rods (Schmidt, 1938; Denton, 
1954) and the high index of refraction of the medium in which the visual 
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Ipsilateral and contralateral representation of cutaneous sense in 
the cat’s thalamus. By R. M. Gazz and G. Gorpon 


Inhibitory effects of pineal extracts of gonadotrophic pituitary 
functions. By L. THIEBLor 
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The circulation of blood in the foetal lamb. By G. 8. Dawes, Joan 
C. Morr and J. G. Wippicomse. Nuffield Institute for Medical Research, 
University of Oxford 

There are four confluences in the foetal circulation where blood streams of 

differing oxygen content meet. From measurements of the oxygen contents 

of blood samples taken simultaneously from eight points it is possible to 
calculate the relative volumes of blood flowing in unit time through the 
principal vessels of the mature foetal lamb. 

The results are shown in Table 1. About one-tenth of the combined ventri- 
cular outputs flows through the lungs, which absorb 8%, of the total oxygen 
consumption. Large volumes of blood traverse the foramen ovale, ductus 
arteriosus and aortic isthmus. The output of the left ventricle exceeds sig- 
nificantly that of the right. Over half of the combined ventricular outputs 
passes through the placenta. 


Taste 1. Oxygen percentage saturation and volume of flow | 
in six mature foetal lambs (11 observations) 


Mean flow (% of. ; 55 73 58 73 42 18 15 30 46 43 12 


From these figures one may estimate the effect of intracardiac mixing on 
the oxygen contents of the various blood streams. In the right heart blood 
from the inferior vena cava mixes with that from the superior vena cava in 
a proportion of 2:1; to the left heart output the inferior vena cava and lungs 
contribute in the proportion of 9:2. The descending aorta receives equal 
volumes of blood from the two ventricles, The consequence is that the oxygen 
saturation of blood passing to the heart and brain is a little higher than that 
going to the hind-quarters and placenta, but the advantage to the normal 
mature foetus appears trivial. 


Haemoglobin levels on the British Himalayan Expeditions to 
Cho Oyu in 1952 and Everest in 1953. By L. G. ©. Puaz. 
Division of Human Physiology, Medical Research Council 


On Cho Oyu serial estimations of haemoglobin were done, during the first 
8 weeks of the expedition, by the oxyhaemoglobin method using 4 photo- 
electric colorimeter. The mean value of the initial samples, which were taken 
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at 1000 ft., was 14-9 g% in Europeans (range 14:1—15-5 g) and 13-6 g% in 
Sherpas (range 11-6—15-5 g). The rate of increase in haemoglobin concentration 
was 0-13 g%/day. The final values are given in Table 1. These were obtained 
either at 17,500 or 15,500 ft. on the way down from the mountain after the 
party had been living about 15 days at 19,000 ft. or above and some had 
climbed to 22,500 ft. 


Taste | 
No. of 
subjects Hb (g%) 
Cho Oyu, 1952 
Europeans 20-3 (18-3-22-0 
Sherpas 6 19-0 {176-900 
Everest, 1953 
Europeans 12 20-9 (19-3-23-3 
Sherpas 18 19-3 
Tas_E 2. Hb levels in g% in (a) Europeans, (5) Sherpas, 
who went above 25,850 ft. — 
(a) (6) 
E.H. 191 Tensing 18-0 
C.E. 205 
J.H. 2146 


On Everest measured samples of finger blood were placed on filter papers 
and brought home for analysis. All the samples were taken in the ninth and 
tenth weeks of the expedition between 25 May and 6 June. They were taken 
either at Camp 4 (21,200 ft.) or at Tyangboche (13,000 ft.) on the way home. 
The determinations were done in Prof. King’s department at the British 
Post-Graduate Medical School by an iron method, The samples on filter paper 
were dry-ashed at 380° C, dissolved in acid and reduced with sodium sulphite; 
dipyridyl was added to produce the red-coloured ferrous dipyridyl, and this 
was read against an appropriate standard. The results were comparable with 
those of 1952 (Table 1). There was no obvious relationship between haemo- 
globin level and physical performance. Data on the men who went above 
25,850 ft. are given in Table 2. Sherpas had significantly lower levels than 


Europeans. 


Some differences in the metabolism of ‘thyroxine and triiodo- 
thyronine in the rat. By N. F. Macracan and J. H. WILKINsoNn 
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Induction of toxaemia of pregnancy in sheep. By H. B. Parry. 

Nuffield Institute for Medical Research, University of Oxford : 
Previous studies (Parry, 1950) had indicated that pregnancy toxaemia may 
occur in well-fed ewes subjected to a sudden reduction in their food intake late 
in pregnancy and that changes in renal and adrenal function might be impor- 
tant. These results have now been confirmed and extended. 

About 100 multiparous ewes 8-12 weeks pregnant were selected and fed 
a ration of concentrates, hay and green fodder ad lib., so that they increased 
their weight as quickly as possible. Two to three weeks before the anticipated 
lambing date they were divided into two groups, one of which was treated as 
before, while the remainder were removed to other premises and fed poor- 
quality hay or straw and mangolds. Within 3-10 days seventeen of twenty 
over-weight ewes in the latter group showed signs of toxaemia. They were 
compared with twelve spontaneous cases of the disease and with thirty normal 
ewes at the same stage of gestation. i 

In the toxaemia ewes, both induced and spontaneous, the carotid blood 
pressure (under local anaesthesia) was normal in the later stages of the disease, 
but raised during ‘fits’. The blood-sugar level fell, but there was no great 
ketosis. Haemoconcentration occurred in the later stages with a rise of blood 
urea, reduced urinary output, and the appearance of protein in the urine; 
oedema was uncommon. Angiographic studies under general anaesthesia sug- 
gested that the renal circulation may sometimes be abnormal; at autopsy renal 
cortical pallor was observed in some cases. The liver contained an excessive 
quantity of fat. The adrenal cortex was paler than normal, particularly the 
zona glomerulosa, and its ascorbic acid content was increased. The ratio 
adrenal weight/thyroid weight was doubled. The uterus and the placenta were 
normal macroscopically. 

Toxaemia is probably due to a widespread physiological disturbance which 
can be initiated by a sudden reduction in food intake and change of environ- 
ment in over-weight ewes. Our data lend little support to the hypothesis that 
toxaemia is due primarily to a ketosis. 
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Carotid sinus baroceptor afferent fibres in the aortic nerve of the 
cat. By R. Hotmes. Chemical Defence Experimental Establishment, 
Porton, Wilts 

After section of the aortic nerve to exclude afferent impulses from the aortic 

arch receptors and removal of the connective tissue sheath, electrical recording 

from the central end of the nerve has shown the presence of a small number of 


. 
§ 
q 


SOCIETY, 8-10 SEPTEMBER 1954 41P 


baroceptor afferent fibres. These were shown to originate in the carotid sinus, 
since the discharge was modified by distortion of the sinus with a glass rod and 
the impulses ceased on clamping the carotid artery below the sinus. Carotid 
occlusion above the superior thyroid artery showed that the fibres were not 
from the baroceptor area described by Green (1953). The impulses were 
not abolished by section of the carotid sinus nerve at its junction with the 
glossopharyngeal. 

Direct nervous connexions between the carotid sinus and the nodose ganglion 
(and also the superior cervical ganglion) have been well established anatomic- 
ally (Braeukner, 1922; Danielopolu & Manescu, 1928; de Castro, 1951), and 
such connexions have been confirmed in the present work and electrical records 
taken from them. They apparently come only from the carotid sinus; no 
chemoreceptor activity has ever been observed either in these fibres or in the 
aortic nerve. The aberrant fibres found in the aortic nerve are thought to be 
branching fibres similar to those described for frog tactile receptors by Adrian, 
Cattell & Hoagland (1931). 

Active carotid sinus baroceptor afferents varying in number from one to 
about six have been found in the aartic nerve in eighteen experiments. In two 
other cats, the depressor fibres from the aortic arch ran in the sympathetic 
trunk in the neck, but on subdividing the cranial end of this, carotid sinus 
afferents were obtained. In only one experiment have the fibres apparently 
been completely absent from the aortic nerve. 

The presence of a small number of carotid sinus afferent fibres in the aortic 
nerve is of considerable value experimentally owing to the ease with which 
a single active fibre can be obtained. Furthermore, the activity of the carotid 
sinus receptors can be monitored without section of the sinus nerve and con- 
sequent abolition of reflex effects. 


Acknowledgement is made to the Chief Scientist, Ministry of Supply, for permission to publish 
this work. 
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The measurement of the pulmonary diffusing capacity during 
exercise. By D. V. Barzs 
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Transport of water and other substances through the intestinal 
wall. By D. H. Smyrna and C. B. Taytor. Department of Physiology, 
University of Sheffield 

Fisher (1954) has shown that the transport of water by the im vitro 

intestine preparation depends on the presence of glucose and is relatively 

independent of hydrostatic and osmotic forces. This problem has been further 
studied by a new type of in vitro preparation in which no ‘outer fluid’ is used, 
so that the water transported is collected and its volume measured directly. 

The preparation has the advantage that the concentration of substances trans- 

ported with the water can be directly determined. It is similar to that of 

Smyth & Whaler (1953), except that the outer fluid is replaced by an atmosphere 

of oxygen kept warm by an outer water-jacket. 

With this preparation it is found that, when the inner solution consists of 
bicarbonate saline only, no water is transported with pressures up to 100 mm 
mercury. The presence of glucose causes water to be ‘secreted’, and the rate of 
water transport is roughly proportional to the glucose concentration inside the 
intestine up to about 100-150 mg %, above which an increase in glucose concen- 
tration does not lead to an increase in water transport. The maximum rate of 
water transport is 5-7 ml./hr for the upper 54cm of rat intestine, which 
is considerably less than that obtained by Fisher. Anaerobic conditions 
reduce greatly but do not entirely abolish water transport. With fructose 
substituted for glucose the rate of water transport falls to about one-half, and 
with galactose to about one-sixth. Negligible amounts of water are trans- 
ported with acetate, propionate, butyrate, pyruvate and lactate in the absence 
of glucose. 

Estimations of the inner fluid and the fluid ‘secreted’ show that while 
glucose appears in greater concentration in the ‘secreted’ fluid, the concentra- 
tion of glucose in the ‘secreted’ fluid rises with that in the inner fluid up to 
1000 mg%, the highest concentration tested. This suggests that there is 
a passive transfer of glucose in the water stream in addition to that actively 
transported. A considerable amount of the glucose transported appears as 
lactic acid, and with the glucose level at 100 mg%, the total glucose and lac- 
tate together in the secreted fluid may amount to 400 mg%. Of other sub- 
stances tested, acetate, propionate and butyrate appear in higher concentra- 
tions in the ‘secreted’ fluid than the inner. Chloride, phenol red and urea all 
appear in smaller concentrations in the ‘secreted’ fluid. These results suggest 
that the lower fatty acids may have some active mechanism involved in their 


transport, though it is possible that the higher rate of movement of fatty acids 
is related to their lipoid solubility. 
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The cause of foetal loss in the spayed pregnant rat. By J. F. D. Frazer. 
Department of Physiology, Charing Cross Hospital Medical School, W.C. 2 


It has been shown (Alexander & Frazer, 1954) that spaying at the 9th day 
produces loss of all the young within 24 hr in the rat standardized to six 
foetuses. If spayed at 17 days, 50% of the foetuses were lost by term. When 
the rats were killed, relaxation of the longitudinal muscle of the uterine wall 
after spaying had been found, and apparently contraction of the circular fibres 
had occurred. The question then arose whether foetal loss was due to this 
alteration in uterine tension (which had been seen to cause foetal distortion), 
or was due to a direct hormonal effect on the placenta or foetus. 

A series of rats was therefore spayed at the 15th day, and at the laparotomy 
longitudinal incisions were made in the uterine wall over some of the concep- 
tuses. This had the effect of freeing certain foetuses in their intact amniotic 
sacs, which remained attached to the uterine wall by their placentae; but the 
sacs and contained foetuses were no longer subject to tension from the uterine 
muscle. In a control series, the foetuses in their sacs were similarly freed, but 
spaying was not performed. 

It was found that the foetal death rate was 50°, in such freed foetuses, 
irrespective of their groups. In the unfreed foetuses thirty-six out of thirty- 
eight survived in the control rats, but only nine out of forty in the spayed 
mothers. There were significantly fewer survivors in the last group, as com- 
pared with the twenty-four surviving out of fifty-two freed foetuses. 

The foetal loss therefore appears to be due not to an upset of hormonal 
balance acting directly on the foetus but to spaying having produced a rise in 
tension of the circular muscle with distortion and death of the foetuses. 


REFERENCE 
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Action of anticholinesterases and of acetylcholine on the electrically 
driven heart-lung preparation. By J. H. Burn, E. M. Vauenan 
WituiaMs and J. M. Watker. Department of Pharmacology, University 
of Oxford 

In the heart-lung preparation of the dog the rate was controlled by electrical 

stimulation of the right auricle, an electrocardiographic record was made and 

the output of the left ventricle was measured. As the rate of stimulation rises 
the ventricles follow the auricles up to a certain point, beyond which the 
percentage of auricular beats which are followed by ventricular beats steadily 
falls to 50. This condition of 2:1 block usually persists while the rate of stimu- 
lation rises to 400-500/min. In the presence of an anticholinesterase (eserine, 
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neostigmine, Nu683, paraoxon in concentrations from 10~* to 10~* m), the 
point at which the ventricles cease to follow every auricular beat occurs at 
a much lower rate of stimulation, as does also the point at which the 2:1 
rhythm is established. The effect of this is that the extent to which the ventri- 
cular rate changes as the rate of stimulation of the auricles rises is much less. 

In the absence of an anticholinesterase there is in many preparations a pro- 
found fall in the output of the left ventricle as a result of increase in ventricular 
rate when the ventricle follows the beat of the auricle, the output being restored 
only when the ventricle ceases to follow all the beats of the auricle. Thus the 
appearance of a.-v. block restores the output and must be regarded as a benefi- 
cial change. Since the appearance of a.-v. block is greatly facilitated in the 
presence of an anticholinesterase, it seems that the degree of .-v. block is 
controlled by acetylcholine. In the heart-lung preparation this control cannot 
be attributed to reflex action through the vagi. The effect of an anticholin- 
esterase is reduced or abolished by atropine 10-* g/ml., but it is not affected at 
all by the presence of hexamethonium in the blood in concentration 10-° g/ml. 

If, instead of adding an anticholinesterase to the heart-lung preparation, 
acetylcholine is infused into the venous blood at a uniform rate, an effect like 
that just described is often absent and is usually small. However, as the rate 
of stimulation is increased auricular fibrillation occurs. When the stimulation 
is stopped the fibrillation persists, but when the infusion of acetylcholine is 
turned off, the normal rhythm is resumed. Similarly, when fibrillation has 
been produced by a certain rate of stimulation during acetylcholine infusion, 
stopping the infusion causes reversion to normal rhythm although the rate of 
stimulation is maintained. Starting the infusion again then brings back 
fibrillation. The fibrillation can be terminated by a small amount of atropine. 
The amounts of acetylcholine which must be infused in order to produce 
auricular fibrillation with a stimulation rate not greater than 450/min vary in 
different preparations. The amount necessary may be as small as 40 g/min or 
as great as 3-2 mg/min. 


The effect of histamine releasers and anaphylaxis on intra- 
cellular particles of guinea-pig lung. By J. L. Monear and 
H. O. Scurtp. Department of Pharmacology, University College London 
It has been shown by Copenhaver, Nagler & Goth (1953) and Hagen (1954) 
that when dog’s liver is homogenized most of the histamine is found in the 
particulate matter. We have found that when guinea-pig’s lung is homogenized 
the histamine is also concentrated in the cell particles. After fractionation by 
high-speed centrifugation in the cold, about one-third of the total histamine 
was contained in the debris and nuclei, one-third in the mitochondria and 
microsomes and one-third in the supernatant. When the particles are spun off 
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and resuspended in fresh solution, some histamine passes into solution. The 
amount thus freed depends on the nature and volume of suspending fluid; it 
ranged from 10° when the particles were suspended in 10 volumes of sucrose, 
to 70% in 1000 volumes of Tyrode. 

When octylamine or 48/80 was added to the suspension of particles, the 
amount of free histamine increased. The effective concentrations of octyl- 
amine ranged from 10-* to 10-5, depending on the nature and volume of the 
suspending medium. 48/80 was slightly less active than octylamine. On the 
whole the concentrations of releasers required to release histamine from the 
particulate matter of cell-free homogenates were of the same order as those 
previously found to be effective in minced fragments of lung (Mongar & Schild, 
1953) in which most of the cells are intact. 

When histamine release in anaphylaxis was studied, a marked difference 
was shown between minced tissue fragments and cell-free homogenates. When 
antigen was added directly to a suspension of intracellular particles from 
sensitized lung, no histamine release occurred. When, however, the antigen 
was added to the minced tissue, up to 40% of the histamine was released. 
When minced tissue to which the antigen had previously been added was homo- 
genized, the histamine content of the particulate matter was reduced by 
25-50% as compared with controls to which no antigen had been added. These 
results show that histamine is released from cell particles both in anaphylaxis 
and by chemical releasers. However, histamine release in anaphylaxis requires 
the presence of intact cells, whereas chemical releasers can act directly on 
intracellular particles. 
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The study of sweat composition by means of armbag collections. 
By J. 8. WEINER 


On sweating in the horse. By C. Lovarr Evans and D. F. G. Smrra. 
Chemical Defence Experimental Establishment, Porton 


It has been shown by various authors that human skin sweats on intradermal 
injection not only of acetylcholine but also of adrenaline or noradrenaline 
(Chalmers & Keele, 1951), though these do not cause general sweating when 
given intravenously in practicable doses. In the horse, known as an adrenergic 
sweater, intravenous doses of 1 mg L-adrenaline cause free sweating; nor- 
adrenaline intravenously caused no sweating when given in doses up to 5 mg 
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which, however, caused general pilo-erection. Intravenous carbachol does not 
cause sweating in horses in doses large enough to cause profuse salivation and 
powerful peristalsis. Atropine has no effect on the sweating due to exercise. 

Given intradermally, in volumes of 0-05-0-1 ml., t-adrenaline at 10-4 to 10-* 
caused sweating which spread from the periphery of the injection bleb, and 
tracked for 10-30 cm along a channel which was repeatable in subsequent 
experiments, and which evidently corresponded to some anatomical disposi- 
tion. Post-mortem observations on a horse which was afterwards slaughtered 
showed that these structures along which the track followed were not veins, so 
they might be nerves or lymphatics. Intradermal noradrenaline, 10-*, caused 
no sweating at all, but did cause tracks of hair erection, along the identical lines 
followed by the sweat in response to adrenaline. We were unable to modify 
these reactions by prior intradermal injections of cocaine, dibenamine, priscol, 
or dihydroergotamine; the latter 3 themselves caused sweating. 

Intradermal injections of acetylcholine, 10-*, or of carbachol, 10-*, also 
caused free sweating mainly over the site of the injection bleb, which spread but 
little from its periphery; but the sweating stopped in about 30 min, whereas 
that due to adrenaline lasted for 2-Hhr. Atropine, 2x 10-* 0-5 ml. just 
previously did not completely prevent this sweating due to 0-05 ml. of ACh, 
but if given 20 min beforehand did almost completely inhibit sweating due 
to ACh or carbachol. 


The Chief Scientist, Ministry of Supply has sanctioned this publication. 
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The response of the colon of the rabbit to stimulation of the 
sympathetic and parasympathetic nerves. By R. C. Garry and 
J. 8. Gmutespiz.* Institute of Physiology, University of Glasgow 


Veach (1925), Brown, McSwiney & Wadge (1930) and McSwiney & Robson 
(1931) have all reported that the response of the stomach to stimulation of the 
parasympathetic or of the sympathetic nerves may be either motor, or inhi- 
bitor or biphasic, depending on the frequency of stimulation. The sympathetic 
usually produced an inhibitor response, but low frequencies of stimulation 
sometimes caused a motor response. The parasympathetic usually caused con- 
traction but high frequencies of stimulation sometimes evoked inhibition. 
Numerous communications exist between the vagi and sympathetic nerves 
in the neck, thorax and abdomen. Is it possible then that the variations in 
response were due to selective stimulation of sympathetic or of parasympa- 
thetic fibres by use of high or of low frequencies respectively ? 
: * McCunn Research Scholar. 
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By use of the technique previously described (Garry & Gillespie, 1954) it was 
found that, whatever the frequency, stimulation of the lumbar sympathetic 
outflow to the colon of the rabbit in vitro invariably produced inhibition, while 
stimulation of the pelvic parasympathetic outflow invariably produced con- 
traction. However, the parasympathetic was very sensitive to low frequencies, 
with an optimum of 10 pulses/sec, while the sympathetic was comparatively 
insensitive to low frequencies, its optimum being 100 pulses/sec. The contrac- 
tion on stimulation of the pelvic nerves developed rapidly after a short latent 
period and ceased abruptly on cessation of stimulation. The inhibition from 
stimulation of the sympathetic nerves appeared later and developed less 
rapidly; the inhibition persisted and increased for a considerable period after 
cessation of stimulation. 

The response to stimulation of a mixture of sympathetic and parasympa- 
thetic fibres in the one electrode was investigated. The two outflows were first 
stimulated separately to show the uniform character of the response whatever 
the frequency and also the disparity in sensitivity to low frequencies. Subse- 
quent stimulation of the ‘ mixed nerve’ with frequencies previously shown to be 
effective for the pelvic nerve, but below the threshold for the lumbar colonic 
nerves, gave a pure motor response; high frequencies produced almost pure 
inhibition and intermediate frequencies produced biphasic responses, first 
the parasympathetic motor component then the sympathetic inhibitor. Either 
component of the response could be augmented by appropriate variation in 
the frequency of stimulation. 
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Stimulation of renal potassium excretion in the adrenalectomized 
rat. By V.D. Eisen. Department of Pharmacology, Middlesex Hospital 
Medical School, London, W. 1 


Inhibition of carbonic anhydrase in the cells of the renal tubules greatly 
increases the renal excretion of sodium, potassium, bicarbonate and water, and 
abolishes the excretion of titratable acid, the urine becoming alkaline. These 
effects are attributed to a disturbance of the tubular cation exchange process, 
by which Nat in the urine is exchanged for H+, and to a less extent K*, in the 
cells. When H+ is not available the Nat<>K* exchange, and consequently K+ 
excretion, is much increased (Berliner, 1952). 

In order to find out how adrenal cortex deficiency, with its well-known 
potassium retention, would influence the effects of carbonic anhydrase inhibi- 
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tion, sodium and potassium excretion were examined in adrenalectomized rats 
before and after administration of the carbonic anhydrase inhibitor, 2-acety]- 
amino-1:3:4-thiodiazole 5-sulfonamide (Diamox, 6063). 

In normal animals the excretion of both Na+ and K+ during 5 hr after 
administration of Diamox was much greater than after a water load. In 
adrenalectomized animals, after Diamox, the Na+ output approached that found 
in normal rats, whereas the potassium excretion was much less than in normal 
animals. In adrenalectomized rats there was only a small difference between 
potassium excretion after water and that after Diamox. 

The changes of the Na/K ratio after carbonic anhydrase inhibition were 
studied more fully by comparing cation excretion in individual animals during 
two consecutive 2 hr periods, after water and Diamox, respectively. In normal 
rats the mean Na/K ratio was 4-75+1-29 after water, and 2-99+0-21 after 
Diamox; this difference is not statistically significant. 

In adrenalectomized animals, the mean Na/K ratio after water was 
6-83 + 1-21, and after Diamox it was 16-46 + 1-91 (t=4-26; P<0-01). The Na/K 
ratios after Diamox in the normal and adrenalectomized groups also differed 
significantly (¢=7-01; P <0-01). 

The present work thus shows that inhibition of carbonic anhydrase by 
Diamox induces in adrenalectomized rats an output of Na+ which is nearly as 
high as that induced in normal animals. On the other hand, excretion of K+ 
after Diamox is much lower in adrenalectomized than in normal rats. Thus the 
K* retaining effect of adrenocortical deficiency is not overcome by the powerful 
stimulus to K+ excretion provided by the administration of Diamox. 


I am indebted to Dr A. A. G. Lewis for carrying out most of the flame-photometric determina- 
tions. Diamox was obtained through the kindness of Dr R. W. Berliner, Bethesda, Md. 
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The amount of colloid in the thyroid glands of guinea-pigs. By 
I. D. Ferauson, A. J. Have and A. G. Ramsay. Institute of Physiology, 
Unwersity of Glasgow 

There is evidence to show that the production of goitre in rabbits and rats by 

cabbage feeding is caused by a goitrogenic agent in the cabbage (Spence, 1952). 

Brown, Ferguson & Ramsay (1953) found that a group of guinea-pigs (n = 8) 
each allowed 80 g cabbage per diem grew more rapidly than a corresponding 
group (n=8) each receiving daily, by mouth, 45 mg synthetic ascorbic acid in 
place of the cabbage. The guinea-pigs from this experiment were killed by 
bleeding under ether anaesthesia at 238 days. The thyroid glands from animals 
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receiving cabbage were larger than those from guinea-pigs receiving synthetic 
ascorbic acid. The thyroids were fixed in 10%, neutral formalin and dehydrated, 
cleared and embedded in a conventional way. Sections from each gland were 
cut at 6 » and mounted in nonane, chloroform and xylene of refractive indices 
1-406, 1-446 and 1-490 respectively. Duplicate measurements of the optical 
retardations produced by colloid in ten vesicles in each section were made on 
a Cooke-Dyson interference microscope. 

In both groups the refractive index of the colloid was found to be 1-54 
(115 g/100 c.c. of dry material). This figure is identical to that obtained for 
fixed sperm heads using a similar method (Davies, Wilkins, LaCour & Cheyen, 
1954). The mean mass/unit area of the colloid in the cabbage group was 
2-2 wg/pu* and in the ascorbic acid group was 1-6 yg/u?. The concentration 
of material present in the colloid was 32 and 23% (v/v) for the cabbage and 
ascorbic acid groups respectively. The values for optical retardation are sig- 
nificantly different between the two groups in all the media in which they 
were estimated. 

The expenses of this investigation were defrayed by grants from the Advisory Committee on 
Medical Research, Scotland and from the D. C. Andrew and Rankin Research Funds of the 
University of Glasgow. 
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The relationship between ventilation, CO, tension and body 
, temperature in one normal subject performing steady state 
exercise breathing oxygen. By J. E. Corrs. Medical Research 
Council, Pneumoconiosis Research Unit, Llandough Hospital, Penarth, 
Glam. | 


During exercise the ventilatory response to a given alveolar CO, tension 
increases in proportion to the severity of the exercise (Nielsen, 1936); exercise 
also raises the body temperature (Christensen, 1931). This investigation is an 
attempt in a single subject to separate the effects on exercise ventilation of 
a change of alveolar CO, tension and body temperature. 

The subject performed standardized stepping exercise of varying intensity 
up to an O, consumption of 1-3 1./min s.t.p., breathing pure O, or mixtures of 
CO, in O,. The rate of breathing, the ventilation (min vol.) and the ‘end tidal’ 
CO, tension were recorded continuously, using a low-resistance gas meter, 
a Rahn Otis sampler (1949) and an infrared gas analyser. Rectal temperature 
was measured at intervals with a clinical thermometer. The subject was 
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blindfolded to reduce sensory stimulation, and all observations refer to a steady 
state at least 30 min after the start of exercise. 

The min vol. associated with an end tidal CO, tension of 46 mm Hg was 
determined under steady state conditions at different levels of exercise and 
body temperature. Over the body temperature range 36-0-38-5° C, the venti- 
latory response to CO, was 1:4+0-191./min/l mm change in pCO,, and the 
ventilation at a constant pCO, was linearly related to body temperature: 
a 1° Crise in temperature increased the ventilation by 11-0 + 0-78 |./min B.T.P.s. 

At a given level of exercise whilst breathing O,, the subject’s body tempera- 
ture, ventilation and end tidal CO, tension were ordinarily very constant. The 
rise in body temperature due to exercise could, however, be prevented by 
water cooling during exercise. Under these conditions the ventilation min vol. 
was less and the CO, tension greater than that recorded when the normal rise 
in temperature had taken place. The exercise ventilation whilst breathing O, 
under these conditions agreed closely with that found for the corresponding 
CO, tension whilst breathing a mixture of CO, in O, at rest with a normal body 
temperature, Ifthe body temperature had fallen appreciably below the resting 
level during exercise, the CO, tension as predicted by extrapolation from the 
data would have risen to a very high value. 

It is concluded that for this subject the ventilatory response to moderate 
steady state exercise breathing O, can be explained in terms of the additive 
effects of CO, tension and body temperature (cf. Gray, 1950). 
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The effect of intravenous infusions of Pitressin on the forearm 


blood flow. By A. H. Kircnin. Sherrington School of Physiology, 
St Thomas’s Hospital Medical School, London, S.E. 1 


Kunkel, Stead & Weiss (1939) reported a fall in forearm blood flow following 
intramuscular injections of 1 ml. of Pitressin: Sunahara, Duncanson & Edholm 
(1949) found that after a single intravenous injection of 4 units of posterior 
pituitary extract the forearm flow showed a slight increase immediately after 
the injection and thereafter was within normal limits. 

Continuous intravenous infusions of Pitressin (Parke, Davis and Co.) have 
been given to fifteen normal subjects at a rate of 170 milliunits/min. The 
infusions lasted for 15-35 min. Forearm blood flow was measured by means 
of venous occlusion plethysmography. In most cases the forearm flow fell 
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slightly at the start of the infusion. After 5-8 min, however, in all subjects, it 
showed a rather abrupt rise to approximately twice the control value, and 
continued at that level for the remainder of the infusion. In six experiments 
the hand blood flow was measured simultaneously ; it showed a variable degree 
of vasoconstriction. A rise of mean blood pressure (of 5-10 mm of mercury) 
was noted during the first few minutes of the infusions only, and was accom- 
panied by bradycardia. | 

The delayed forearm vasodilatation occurred in four subjects in whom the 
deep nerves to the forearm were blocked with local anaesthetic. 

Infusions of Pitressin given in four subjects into the brachial artery in 1% 
of the intravenous dose produced no significant change in the forearm flow 
apart from the initial constriction. 

It is suggested that the main cause of the muscle vasodilatation produced by 
intravenous infusions of Pitressin is the release centrally of a vasodilator 


substance. 
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Anti-stress action of heparin on phagocytic activity of leucocytes 
(in vitro). By J. B. Sroxer and 8. B. Stoxer. Ossett, Yorks. 


In forty-four out of a total of sixty hospital out-patients, tested under condi- 
tions of apprehension, including venepuncture, likely to produce nervous stress, 
the leucocyte phagocytic activity was 10-80% below the activity in a group 
of normal persons in whom this stress factor was not likely to be operating. 

Heparin (Evans) added to the blood (0-2 i.u./ml.) increased a low phagocytic 
activity (average increase 100%). But if the activity was already high, 
approaching that of the non-stressed group, the effect produced by heparin 
was small. It seemed that, in some cases, the trauma discharge A (Pollard & 
Stoker, 1946) temporarily neutralized the action of added heparin, but the 
effect rapidly disappeared. Bloods were manipulated and experiments per- 
formed with non-water wettable apparatus. 

Phagocytic activity in shed stressed blood, kept at 98° F, gradually increased 
to normal. The average time to reach normality was lhr. As the activity 
increased, the effect produced by adding heparin diminished. 

There is evidence that heparin may be discharged into the blood im vivo as 
a result of trauma (Pollard & Stoker, 1946). When two blood samples were 
taken with a 6 min interval, the increased activity seen in the second sample 
was also produced by adding heparin to the first. The effect in the second 
sample was annulled by adding toluidine blue (0-123 mg/ml. blood) which did 
not otherwise appreciably affect phagocytosis. 
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In rabbits and guinea-pigs, stressed by cardiac puncture, the addition of 
heparin to shed blood increased phagocytic activity up to 625% (average 
increase 217%). 

It is suggested that these findings support the view that heparin may be 
a physiological anti-stress factor. 


REFERENCE 
Pollard, J. & Stoker, S. B. (1946). Quart. J. exp. Physiol. 38, 267. 


Enzymic decarboxylation of cysteic and cysteine sulphinic acids. 


By H. Buascuxo and D. B. Hors. Department of Pharmacology, 
University of Oxford 
Two amino-acids related to cysteine are known to be decarboxylated by 
extracts of mammalian liver; these are L-cysteic acid (Blaschko, 1942) and 
L-cysteine’ sulphinic acid (Chatagner, Tabechian & Bergeret, 1954). 

The following observations suggest that one and the same enzyme is respon- 
sible for the decarboxylation of the two amino-acids: 

(1) Competition occurred when both amino-acids were added to liver extract 
in equal concentration. 

(2) The ability of liver extracts from different species to decarboxylate 
cysteine sulphinic acid has been found to be related to their ability to decarb- 
oxylate cysteic acid. The dog had the highest activity towards both substrates; 
the activities decreased in the order: rat, guinea-pig, mouse; no activity was 
found in the cat liver. 

(3) Male rats are known to yield liver extracts with higher activity towards 
cysteic acid than females (Sloane-Stanley, 1949). This was found to be true 
also for cysteine sulphinic acid. ; 

(4) Cysteic acid decarboxylase activity disappears from the liver of pyri- 
doxine-deficient rats (Blaschko, Carter, O’Brien & Sloane-Stanley, 1948); 
a similar loss of the ability to decarboxylate cysteine sulphinic acid has also 
been described (Chatagner et al. 1954). We have now found that the activity 
towards both substrates is lost pari passu; the loss is almost complete after 
one week on the B,-deficient diet. 

During the early stages of the deficiency, when enzymic activity is only 
partially lost, it is possible to obtain rat liver extracts which can be activated 
by the addition of pyridoxal phosphate in vitro. Successful reactivation has 
only been achieved during the first week of deficiency. 

These observations suggest that pyridoxal phosphate is the prosthetic group 
of the decarboxylase; the disappearance of taurine from the urine of the B,- 
deficient rat (Blaschko, Datta & Harris, 1953) can thus be interpreted as 
a specific sign of the deficiency. 
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The isolated glomerulus. By J. A. Barcuay andI. D. Sinau. Department 
of Physiology, University of Birmingham 

Glomeruli were isolated by a modification of the method used by Krakower & 
Greenspon (1950, 1951). The kidney was pressed through a 100-mesh Monel 
gauze, suspended in saline, and sieved through a 200-mesh Monel gauze to 
separate off most of the contaminating tubular segments. The glomeruli 
obtained from rats and dogs may contain a few segments of tubules; these 
were found to represent approximately 2°, of the glomerular count. | 

The wet weight of the material was obtained by extrapolation of the weights 
after centrifugation at different speeds. A high value of 0-62 ug for wet weight 
with a dry weight of 0-13 ug per glomerulus is no doubt accounted for by the 
water content of the capillaries and capsular space. Since these two compart- 
ments may well vary in size and not bear any relation to dry weight plus extra- 
cellular fluid, measurements are expressed in terms of dry weight. The nitrogen 
content is 145 wg and the total phosphorus 19-9 ug/mg dry glomerular weight. 
The latter appears to be partly nucleic acid P. The figures for ribonucleic acid 
(R), P and deoxyribonucleic acid (D) P are 1-53 and 3-93 wg P/mg respectively, 
the R/D ratio being 0-39. The higher content of deoxyribonucleic acid P is 
probably due to the high nuclear content of glomeruli. 

The enzyme activities investigated are shown in Table 1. 


TaBie 1. Enzyme activities in the glomerular material (albino rat) 


Incuba- 
tion 
period 
Enzymes Activity (hr) 
Phosphatase (alkaline 2369 henol 2 
— 538cnmm x/20HCL 
Lipase 173 cu.mm 35/20 HCl 1 
Dipeptidase 415 cu.mm n/20 HCl 4 
Cathepsin 288 cu.mm w/20 HCl 4 
Carbonic anhydrase 0 to +8 sec — 
Glutaminase 3-7 ug NH,N 1 
p-Amino-acid-oxidase 1-8 pg NH,N 1 


There is some indication that there may be some haemoglobin left in the 
glomeruli; and its presence could account for the carbonic anhydrase activity. 
A very slight amylase activity has also been found, but probably it is not 
significant. 
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To check on the possibility that the activity found was not due to the tubular 
content, samples of tubules removed at an earlier stage of the washing of 
glomeruli were tested by themselves and when added to glomerular suspensions. 
Although the activity of tubules in certain cases was higher than that in 
glomeruli, it was of such order that the effect of a 2 °/, contamination would 


not affect the result. 
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Evocation of milk formation in the virgin rabbit. By F. J. Aumonier, 
K. J. Franxumw and N. E. Winstons. Department of Physiology, 
The Medical College, St Bartholomew's Hospital, London 


Under anaesthesia, balloons were aseptically introduced into the rostral por- 
tions of the vaginae of virgin rabbits so that they lay well away from the urethral 
openings; they were then inflated with 30-40 ml. air and the supply tubes 
detached and removed. Except in one instance (in which ‘delivery’ resulted 
from ‘parturition efforts’ in under 3 hr), the balloons remained in situ for 
3 days after the subjects’ recovery from anaesthesia; the results were then 
ascertained both macroscopically and microscopically through further, acute 
experiments. 

In a number of cases corpora haemorrhagica were present in the ovaries; to 
varying degrees there had been low urine outputs and there were pre-lactation 
changes in the mammary glands, these two effects usually but not invariably 
being about equally marked in any particular doe. There were differences 
between mammary glands in the individual subjects, and also between alveoli 
(some containing no fluid, some colostrum, others milk) in the individual 
glands. But in the most reactive does the overall visible changes produced in 
the mammary glands within the three days were as striking as the con- 
comitant low figures for the urinary outputs. In many cases the ducts of 
the glands contained milk, but throughout the series no nipple was found 
pervious. 


The reduction of L-ascorbone by human erythrocytes. By B. B. Ltoyp 
and H. V. Parry. Laboratory of Physiology, University of Oxford 


In an attempt to assess the reducing capacity of the human erythrocyte for 
L-ascorbone (dehydroascorbic acid) in vitro (cf. Panteleva, 1950; Lloyd, 1951) 
oxalated human blood, usually practically freed of leucocytes and platelets, 
has been incubated at 37° C under controlled atmospheres. Isotonic ascorbone 
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has been added and ascorbate estimated, the estimation of ascorbone and 
diketogulonate having been attempted in some experiments. 

The half-life of ascorbone under physiological conditions is a few minutes 
(Penney & Zilva, 1943) and its estimation at any moment in the plasma of 
blood incubating at 37° C and pH c. 7 is very difficult. The following figures, 
obtained from blood c. 30 min after the addition of 207 mg ascorbone/100 ml., 
should therefore be treated with reserve, but it is of interest that in erythro- 
cytes, but not plasma, the figures for ascorbate and diketogulonate are of the 
same order of magnitude. This suggests that the rate of reduction of ascorbone 
to ascorbate is similar to the rate of its conversion to diketogulonate: 


Diketo- 

Ascorbone Ascorbate gulonate 
mg/100 ml. Plasma 6 9 221 
mg/100 ml. Erythrocytes 12 51 70 


The initial ascorbate concentrations were about 1 mg/100 ml. 

In another experiment ascorbate alone was estimated: the addition of 
725 mg/100 ml. of ascorbone to leucocyte-poor blood resulted in ascorbate 
concentrations of 118 mg/100 ml. erythrocytes and 34 mg/100 ml. plasma. As 
more ascorbone is added, in successive doses, the ascorbate rises in both phases, 
though at all levels the erythrocyte concentrations are the greater. The addi- 
tion of 2230 mg ascorbone/100 ml. blood in nine divided doses during 50 min 
gave the highest erythrocyte concentration so far obtained, 160 mg/100 ml.; 
this was accompanied by 91 mg/100 ml. plasma. 

Such very high levels of supplementation were used to try to establish an 
upper limit to the erythrocyte ascorbate. No clear-cut limit was revealed, and 
the results suggest that the power of the erythrocyte to reduce ascorbone is 
limited by kinetic rather than stoichiometric factors. The nature of possible 
reducing mechanisms and the origin of the increased plasma ascorbate will 
be briefly discussed. 
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Skin permeability in deficiency of essential fatty acids. By 
V. Basnayake and H. M. Srvcrarr. Laboratory of Human Nutrition, 
University of Oxford 

Burr showed that rats deficient in essential fatty acids (EFA) had increased 

water consumption (Burr & Burr, 1930), increased B.m.R. (Wesson & Burr, 

1931) but no increased activity (Burr & Beber, 1937). Brown & Burr (1936) 

observed that the scaliness of the tail in EF A-deficient rats was inversely 

proportional to the relative humidity of the —— 


i 
5 
2 


56 P PROCEEDINGS OF PHYS. SOC., 8-10 SEPT. 1954 


In a study of the changes in EFA-deficiency in the rat (Sinclair, 1952; 
Ramalingaswami & Sinclair, 1953) we confirmed that the water consumption 
of such rats was greatly increased, the urinary output not being increased and 
the excess water not being retained; EFA-deficient rats ingested 40% more 
calories than controls. It seemed that the skin was abnormally permeable 
since EF A-deficient rats immersed up to the neck in warm water for 2 hr 
gained weight, whereas controls lost weight, and toxic substances were 
absorbed with abnormal rapidity through the skin of such rats. 

Using the method of Burch & Winsor (1946) we have measured directly the 
permeability to Ringer solution of the skin. There is a highly significant 
increase in the permeability of the skin of EF A-deficient rats whether taken 
from the paw, tail or trunk. 
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